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A B S T R A C T

Shrub encroachment significantly alters both above- and below-ground ecological processes in semi-arid 
grasslands. However, its effects on soil multifunctionality and the underlying microbial mechanisms are not 
well understood. This study explored the impact of shrub encroachment on soil multifunctionality, microbial 
diversity, community composition, and microbial networks (both intra- and interdomain) in a typical semi-arid 
grassland on the Chinese Loess Plateau. Our findings revealed that shrub encroachment profoundly enhanced soil 
multifunctionality, closely linked to increased microbial diversity, restructured community composition, and 
altered patterns of microbial interactions. Specifically, bacterial intradomain links—particularly negative link
s—decreased, resulting in less complex and potentially less competitive bacterial networks. In contrast, the 
complexity of bacteria-fungi interdomain networks increased significantly, indicating strengthened interdomain 
connections. This shift from intense intradomain co-exclusion to enhanced interdomain co-occurrence played key 
roles in enhancing soil multifunctionality, as supported by the Partial least-square pathway model. Collectively, 
these findings highlight a strategic shift of soil microbial interaction networks under shrub encroachment, 
illustrating that the adaptive balance between microbial positive and negative interactions plays a pivotal role in 
regulating soil multifunctionality. This study advances our understanding of the ecological consequences and 
mechanisms of shrub encroachment in semi-arid grasslands.

1. Introduction

Grasslands, covering approximately 25 % of terrestrial ecosystems 
(Zhao et al., 2023a), provide vital ecological services, such as carbon 

sequestration (Bai and Cotrufo, 2022) and nutrient cycling (Sandor 
et al., 2016; Schimel et al., 1990). However, shrub encroachment—a 
widespread phenomenon characterized by woody expansion that re
places herbaceous species (Van Auken, 2009) —has increasingly 
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affected these ecosystems (Eldridge et al., 2011). This process alters 
plant community structure (Soliveres et al., 2014), modifies the spatial 
distribution of carbon and nutrients (Li et al., 2019; Zhao et al., 2023b), 
and influences soil microbial diversity and interactions (Ding et al., 
2020; Hu et al., 2021). While many studies have explored the effects of 
shrub encroachment on individual ecosystem functions, their results 
remain inconsistent (Eldridge et al., 2011; Van Auken, 2009). These 
discrepancies underscore the need for an integrative framework to 
elucidate how shrub encroachment simultaneously affects multiple 
ecosystem processes and their underlying mechanisms.

Soil multifunctionality, the capacity of soil to simultaneously support 
multiple ecological functions, integrates a suite of interconnected soil 
properties (Byrnes et al., 2014; Emmett Duffy et al., 2003). This concept 
has emerged as a key framework for evaluating the cumulative effects of 
global change on ecosystem health (Antiqueira et al., 2018; Feng et al., 
2024). However, the influence of shrub encroachment on grassland soil 
multifunctionality remains unsolved. Some studies propose that shrub 
encroachment may enhance soil multifunctionality by altering the input 
of organic matter and energy into soils and promoting belowground 
biodiversity (Chandregowda et al., 2018), whereas others suggest that it 
intensifies wind erosion and plant competition, thereby reducing mul
tifunctionality (Wu et al., 2024a; Yue et al., 2025). Such conflicting 
results highlight the need to identify the biological mechanisms that 
regulate soil multifunctionality. While climate, human activity, and 
vegetation traits have been recognized as indirect regulators of soil 
functions (Van Auken, 2009; Soliveres et al., 2014), advances in omics- 
based technologies have highlighted the pivotal role of microbial com
munities in directly mediating ecosystem processes under shrub 
encroachment (Xiao et al., 2025). Elucidating the structure and dy
namics of microbial communities is therefore essential for understand
ing how shrub encroachment affects ecosystem functioning.

Soil microorganisms, strongly influenced by aboveground vegetation 
structure (Berg and Smalla, 2009), are central regulators of soil 
biogeochemical processes and thus represent a crucial link between 
shrub encroachment and soil multifunctionality (Wu et al., 2024b). 
Previous studies have primarily focused on how shrub encroachment 
alters microbial diversity, revealing concurrent increases in microbial 
richness and soil multifunctionality in semi-arid grasslands (Xiang et al., 
2018). Beyond diversity, shrub encroachment also alters microbial 
community composition, particularly the relative abundance of oligo
trophic and copiotrophic taxa, thereby influencing nutrient cycling 
processes (Guo et al., 2022; Ding et al., 2024). However, neither com
munity diversity nor composition alone can fully capture the complexity 
of microbial communities, as ecosystem functioning depends not only on 
which taxa are present but also on how they interact (Barberán et al., 
2012). Microbial interactions—often inferred from co-occurrence or co- 
exclusion networks analyses—thus represent a fundamental dimension 
of microbial community organization (Faust and Raes, 2012; Guseva 
et al., 2022). Increasing evidence suggests that microbial interaction 
network complexity—quantified with metrics such as average degree— 
serve as a more robust predictor of soil multifunctionality than tradi
tional diversity indices across a range of ecosystems (Chen et al., 2022b; 
Wang et al., 2024). Despite these advances, the mechanisms through 
which microbial networks, particularly interdomain interactions be
tween bacteria and fungi, mediate the effects of shrub encroachment on 
soil multifunctionality remain poorly understood. This represents a 
critical knowledge gap that limits our mechanistic understanding of how 
vegetation changes influence ecosystem multifunctionality through 
belowground microbial coordination.

Understanding these mechanisms is particularly relevant in ecosys
tems undergoing rapid shrub expansion, such as China's Loess Plateau. 
This region, characterized by severely eroded soils and degraded semi- 
arid grasslands (Yu et al., 2020), has experienced notable ecological 
recovery through long-term enclosure (Wang et al., 2014). Unlike many 
systems where shrub encroachment is linked to fire suppression or 
overgrazing (Van Auken, 2009; Eldridge et al., 2011), shrub expansion 

on the Loess Plateau has emerged as an unintended consequence of 
enclosure-based restoration, and its functional implications remain un
clear (Guo et al., 2022; Zhang et al., 2024). Studying this region provides 
a unique opportunity to investigate how shrub encroachment affects soil 
multifunctionality under active restoration scenarios, and to provide 
guidance for the development of future grassland restoration strategies 
on the Loess Plateau. To address these questions, we conducted vege
tation and soil surveys across shrub-encroached grasslands with the 
following objectives: 1) to evaluate how shrub encroachment influences 
soil multifunctionality and microbial community traits, including di
versity, composition, and network structures, and 2) to elucidate the 
regulatory roles of microbial traits, particularly intra- and interdomain 
interaction networks, in shaping soil multifunctionality. We hypothe
sized that shrub encroachment enhances soil multifunctionality by 
increasing microbial network complexity and the portion of positive 
links (Fig. 1).

2. Materials and methods

2.1. Study site and sampling

The study was conducted in the Yunwushan National Nature Reserve 
(36.10◦–36.17◦N, 106.21◦–106.27◦E; 1800–2100 m a.s.l.) in Ningxia 
Hui Autonomous Region, China. Situated in the central Loess Plateau, 
the reserve experiences a temperate semi-arid climate, with a mean 
annual temperature of 7 ◦C and an average annual precipitation of 425 
mm, most of which falls between June and August (Guo et al., 2017). 
The vegetation is composed of 313 plant species, with dominant grasses 
including Stipa bungeana, Stipa grandis, and Potentilla acaulis. The pri
mary shrub species is Caragana brachypoda, and the dominant semi- 
shrub is Artemisia stechmanniana (Zhang et al., 2024).

The experiment was conducted within a 500 × 1000 m area of 
formerly homogeneous Stipa bungeana grassland, with uniform aspect, 
slope, and soil texture across plots. Notably, over recent decades, shrub 
expansion transformed the landscape into a patch mosaic (Fig. S1). 
Based on shrub presence and cover (Table S1), we delineated three 
encroachment conditions: no shrub encroachment (NSE; Artemisia 
stechmanniana and Caragana brachypoda cover <5 %), subshrub 
encroachment (SSE; A. stechmanniana cover >50 %), and shrub 
encroachment (SE; C. brachypoda cover >50 %). For each condition, five 
5 m × 5 m plots were randomly established. Plots within the same 
condition were separated by ≥20 m, and plots from different conditions 
by ≥100 m. In August 2023, following the vegetation survey, above
ground biomass was harvested by clipping all vegetation within each 
plot. Simultaneously, topsoil (0–15 cm) was sampled by collecting five 
subsamples per plot and compositing them. In the laboratory, plant 
biomass was air-dried and weighed. Soil samples were passed through a 
2 mm sieve to remove roots and undecomposed litter and then divided 
into three portions: one stored at − 80 ◦C for microbial DNA extraction, 
one air-dried for analysis of soil pH, nutrients, and microbial biomass, 
and one stored at 4 ◦C for extracellular enzyme activity assays.

2.2. Soil properties analysis and multifunctionality assessment

A range of soil properties were analyzed, including soil water content 
(SWC), pH, total and available soil carbon (C), nitrogen (N), and phos
phorus (P), microbial biomass and extracellular enzyme activity. SWC 
was determined by calculating the weight difference between fresh and 
oven-dried soil samples (Reynolds, 1970). Soil pH was measured using a 
pH electrode meter (PHS-3C, INESA, China) (Kalra, 1995). Soil organic 
carbon (SOC) and soil total nitrogen (TN) were analyzed with an 
elemental analyzer (Vario ELIII, Elementar, Germany) (Avramidis et al., 
2015). Dissolved organic carbon (DOC) was extracted with 0.5 M K2SO4 
and determined with a TOC/TN analyzer (Vario TOC, Elementar, Ger
many) (Jones and Willett, 2006). Soil nitrate nitrogen (NO−

3 –N) and 
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ammonium nitrogen (NH+
4 –N) was determined with a flow injection 

analyzer (SAN Plus, Skalar, Netherlands) (Pasquali et al., 2007), which 
sums to get soil available nitrogen (AN). Soil total phosphorus (TP) and 
Olsen phosphorus (AP) were measured using the molybdate blue 
colorimetric method (Wolf and Baker, 1990). Microbial biomass carbon 
(MBC), nitrogen (MBN), and phosphorus (MBP) were determined using 
the chloroform fumigation-extraction method (Brookes et al., 1985; 
Vance et al., 1987). Extracellular enzyme activities, including those of 
β-1,4-glucosidase (BG), cellobiohydrolase (CBH), leucine aminopepti
dase (LAP), N-acetyl-β-D-glucosaminidase (NAG), and alkaline phos
phatase (AKP), were measured using a plate spectrophotometer 
(Multiskan FC, Thermo, Finland) (Bell et al., 2013). More details are 
available in the supplementary materials.

Soil multifunctionality, related to carbon, nitrogen, and phosphorus 
cycling, was quantified using two complementary indices: an average- 
based index and a threshold-based index. Both were derived from the 
soil properties listed in Table S2 that capture availability, sequestration 
and mineralization of soil C, N, and P (Qiu et al., 2024; Wang et al., 
2023). The average approach calculates the means of standardized Z- 
scores for individual soil properties (Hooper and Vitousek, 1998), 
providing an overall representation of the average performance across 
multiple soil functions (Byrnes et al., 2014). In contrast, the threshold 

approach identifies the number of soil properties exceeding specific 
thresholds, which are set as percentages of the maximum observed value 
for each property, ranging from 5 to 99 % (Byrnes et al., 2014; Gamfeldt 
et al., 2008).

2.3. DNA sequencing and bioinformatic analysis

Genomic DNA was extracted from soil samples using the FastDNA 
Spin Kit (MP Biomedicals, USA) according to the manufacturer's in
structions and subsequently purified through agarose gel electropho
resis. The V3–V4 region of bacterial 16S rRNA genes was amplified using 
the primer pair 341F (5’-CCT AYG GGR BGC ASC AG-3′) and 806R (5′- 
GGA CTA CNN GGG TAT CTA AT-3′). The fungal ITS1-5F region was 
amplified using the primer pair 1737F (5′-GGA AGT AAA AGT CGT AAC 
AAG G-3′) and 2043R (5’-GCT GCG TTC TTC ATC GAT GC-3′). DNA 
sequencing was performed on the Illumina Hiseq platform (Hiseq2500, 
Illumina, America).

Quality control was conducted using vsearch (Rognes et al., 2016) 
and USEARCH (Edgar, 2010) following the EasyAmplicon pipeline (Liu 
et al., 2023). Clean amplicons were denoised to generate amplicon 
sequence variants (ASVs). A total of 8416 bacterial ASVs and 1615 
fungal ASVs were identified. Taxonomic classification of bacterial and 

Fig. 1. Potential impacts of shrub encroachment on plant-soil-microorganism interactions in grasslands and the underlying regulatory mechanisms. It is 
hypothesized that shrub encroachment increases plant biomass, litter, and root exudates, which in turn affect soil properties such as soil water content (SWC), soil 
organic carbon (SOC), and nutrients including total nitrogen (TN) and total phosphorus (TP). These changes may subsequently influence soil multifunctionality and 
microbial attributes, such as diversity and the complexity of intra- and interdomain microbial networks.
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fungal ASVs were performed using the RDP-16S-v18 (Cole et al., 2014) 
and UNITE (Abarenkov et al., 2024) database, respectively.

2.4. Microbial co-occurrence network construction

Soil bacterial and fungal intradomain networks were constructed to 
illustrate interactions within soil bacteria and fungi communities, 
respectively. Prior to network construction, data filtering was performed 
to ensure reliable correlation calculation. ASVs present in fewer than 
five samples or with the relative abundance <0.05 % were excluded 
(Yuan et al., 2021; Deng et al., 2025). To account for the compositional 
nature of amplicon data, we applied a centered-log-ratio (CLR) trans
formation after adding a pseudo count of +1 to all OTU counts (Faust 
and Raes, 2012). Comparison of networks constructed from transformed 
versus untransformed datasets revealed a similar pattern between the 
two (Table S3), suggesting a negligible compositional bias in this study 
(Yuan et al., 2021). All co-occurrence networks were built based on 
Spearman's rank correlation, a robust method for analyzing non-normal 
microbial data that is particularly suited to detecting monotonic re
lationships between ASVs (Faust and Raes, 2012). To control for false 
discoveries from the large number of pairwise correlation tests, Benja
mini–Hochberg (BH) false discovery rate (FDR) correction was applied 
to adjust P-values (Benjamini and Hochberg, 1995). Connections with a 
correlation coefficient (r) greater than 0.8 and statistical significance (P 
< 0.05 after FDR correction) were retained to ensure robust links (Qiu 
et al., 2024). To evaluate the significance and robustness of the micro
bial co-occurrence network, we constructed null models by randomly 
rewiring network edges while maintaining the degree distribution of 
nodes (Guseva et al., 2022). The network was randomized 100 times to 
generate a distribution of random networks (Yuan et al., 2021). For 
further correlation analysis with soil physicochemical properties, sub
networks for each soil sample were generated by extracting sample- 
specific ASVs from the “aggregate” networks (De Marzio et al., 2023). 
Interdomain networks were created to represent cross-trophic in
teractions between bacteria and fungi, based on correlations between 
bacterial and fungal ASVs. The same methods and parameters for data 
filtering, compositionality handling, correlation calculation, random
ized network generation, and thresholds selection were applied as in the 
intradomain networks. Topological properties including edge and node 
number, diameter, average path length, average degree, edge density, 
average clustering coefficient, relative modularity, module number, and 
the proportion of negative links were calculated. Furthermore, within- 
module connectivity (Zi) and among-module connectivity (Pi) was 
calculated for each node to identify its topological role: module hubs (Zi 
≥ 2.5, Pi < 0.62), connectors (Zi < 2.5, Pi ≥ 0.62) and network hubs (Zi 
≥ 2.5, Pi ≥ 0.62) (Yuan et al., 2021). Empirical network construction, 
random and subnetworks generation, and network property calculations 
were performed using the R package ggClusterNet. For further details of 
the network analysis, please refer to Wen et al. (2022). Network visu
alization was conducted with Gephi 0.10.1.

2.5. Statistical analysis

Alpha diversity of soil microorganisms was calculated with the vegan 
package (Dixon, 2003). Analysis of variance (ANOVA) was conducted to 
determine the impact of shrub encroachment on soil physicochemical 
properties, multifunctionality, and microbial alpha diversity. Least sig
nificant difference (LSD) test at a 5 % statistical probability level was 
used for post hoc analysis. Principal component analysis (PCA) was used 
to examine spatial variation in soil functional variables across different 
shrub encroachment conditions. Additionally, principal coordinates 
analysis (PCoA) was used to evaluate differences in microbial compo
sition, also employing the vegan package (Dixon, 2003). Microbial 
composition dissimilarity was further validated with three non- 
parametric methods: permutational multivariate analysis of variance 
(Adonis), analysis of similarities (ANOSIM), and multiple response 

permutation procedure (MRPP). Microbial biomarkers were identified 
using linear discriminant analysis effect size (LEfSe) on the ImageGP 
platform (Chen et al., 2022a), with an alpha significance level of 0.01 
and an effect size threshold of 3 (Moreno-Arrones et al., 2020). Pearson's 
correlation was used to explore relationships between soil physico
chemical properties, soil multifunctionality (calculating using the 
average approach), microbial diversity, and network complexity. The 
relationship between microbial network complexity (indicated by the 
average degree) and soil multifunctionality (calculated using the 
threshold approach) was analyzed using a generalized linear model 
(Byrnes et al., 2014). Partial least-squares path modeling (PLS-PM) was 
applied to investigate the regulatory mechanism underlying soil multi
functionality, using the plspm package (Sanchez et al., 2024). Model 
performances were evaluated based on goodness of fit (GOF) statistics. 
The robustness of the PLS-PM was evaluated via bootstrap resampling 
with 5000 iterations. The path coefficients were stable, with narrow 95 
% confidence intervals and low standard errors (Table S4). The endog
enous constructs exhibited high explanatory power (R2 values ranging 
from 0.56 to 0.93; Table S5), confirming the model's strong predictive 
capability. All statistical analyses were conducted using R 4.3.1 pro
gramming language (R Core Team, 2023).

3. Results

3.1. Impacts of shrub encroachment on plant biomass, soil properties, and 
soil multifunctionality

Shrub encroachment significantly affected plant biomass and soil 
properties, including soil pH, water content, organic carbon, nutrients, 
microbial biomass (Fig. S2), and extracellular enzyme activities 
(Fig. S3). Most properties were notably higher under shrub encroach
ment (SE) and subshrub encroachment (SSE) compared to no shrub 
encroachment (NSE), with the exception of soil pH (Fig. S2b), which 
exhibited the opposite trend. However, for most properties, no signifi
cant differences were observed between SE and SSE (Fig. S2, S3).

Principal component analysis (PCA) revealed a clear separation be
tween the soil functional profiles of NSE and the two encroachment 
conditions (Fig. 2a), indicating significant differences in soil functions. 
Soil multifunctionality, which integrates soil carbon, nitrogen, and 
phosphorus cycling, was assessed by calculating the mean Z-scores of the 
individual soil functions listed in Table S2. Similar to plant biomass and 
soil properties (Fig. S2), both overall soil multifunctionality and the 
individual metrics for carbon, nitrogen, and phosphorus cycling were 
significantly higher in SE and SSE compared to NSE (Fig. 2b-e). How
ever, as with soil properties, no significant differences were detected 
between SE and SSE.

3.2. Impacts of shrub encroachment on soil microbial diversity and 
structure

Shrub encroachment (SE) and subshrub encroachment (SSE) signif
icantly increased most alpha diversity metrics of soil bacteria compared 
to no shrub encroachment (NSE) (Fig. 3a, S4a–c). However, no signifi
cant differences were observed between SE and SSE. In contrast, the 
alpha diversity of soil fungi remained relatively stable across NSE, SSE, 
and SE (Fig. 3b, S4d–f), indicating contrasting responses of bacterial and 
fungal diversity to shrub encroachment. Principal coordinates analysis 
(PCoA) revealed significant differences in the community structure of 
both soil bacteria and fungi across NSE, SSE, and SE (Fig. 3c, d). These 
results were further supported by non-parametric multivariate statistical 
tests (Table S6), including permutational multivariate analysis of vari
ance (Adonis), analysis of similarities (ANOSIM), and multiple response 
permutation procedure (MRPP).

The soil bacterial community was dominated by the phyla Acid
obacteria, Proteobacteria, Actinobacteria, Gemmatimonadetes, Bacter
oidetes, and Firmicutes (Table S7), while the fungal community primarily 
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consisted of the classes Agaricomycetes, Sordariomycetes, Dothideomy
cetes, Eurotiomycetes, Lecanoromycetes, and Glomeromycetes (Table S8). 
Shrub encroachment significantly altered the composition of both soil 
bacteria and fungi. For bacteria, the relative abundances of the phylum 
Latescibacteria were significantly higher in SE and SSE compared to NSE, 
whereas Actinobacteria and Gemmatimonadetes showed the opposite 
trend (Table S7). For fungi, the class Sordariomycetes was more abundant 
in SE and SSE, while Agaricomycetes predominated in NSE (Table S8). 
Microbial biomarkers for each shrub encroachment condition were 
identified using linear discriminant analysis effect size (LEfSe). Among 
bacterial biomarkers, the family Vicinamibacteraceae, phylum Bacter
oidetes, and phylum Rhodothermaeota were identified as key indicators 
for NSE, SSE, and SE, respectively (Fig. S5a). For fungi, the family 
Clavariaceae, class Archaeorhizomycetes, and class Leotiomycetes were 
identified as biomarkers for NSE, SSE, and SE, respectively (Fig. S5b). 
These findings highlight the significant impacts of shrub encroachment 
on the diversity, composition, and structure of soil microbial 
communities.

3.3. Impacts of shrub encroachment on soil microbial interaction patterns

To evaluate the effects of shrub encroachment on soil microbial in
teractions, intradomain networks of soil bacteria and fungi were con
structed (Fig. 4a, c). All empirical networks exhibited a small-world 

pattern (small-world coefficient > 1). While the number of nodes in 
bacteria networks was similar across the three conditions, the number of 
edges and the average degree was lower in SE and SSE than in NSE 
(Fig. 4a, b), indicating looser and less complex co-occurrence patterns 
under the former two conditions. This pattern was further supported by 
other topological properties of random networks, where average path 
length and relative modularity were significantly higher in SE than in 
NSE, whereas the average clustering coefficient showed the opposite 
trend (Table S9). In contrast, fungi networks exhibited no significant 
differences in most topological properties among NSE, SSE, and SE 
(Fig. 4c, d). The proportion of negative links, reflecting the prevalence of 
negative co-occurrence within communities, showed distinct patterns: 
in bacterial networks, it decreased significantly under SE and SSE, 
whereas in fungal networks, it increased (Table S9). These results sug
gested a reduction in negative co-occurrence intensity within bacteria 
community and an increase within fungi community under shrub 
encroachment. Additionally, topological roles of nodes within empirical 
networks were identified based on Zi (within-module connectivity) and 
Pi (among-module connectivity). In bacterial community, multiple 
module hubs were identified under NSE and SE, while only one 
connector was identified under SSE (Fig. S6 a-c). In contrast, only one 
connector and one module hub was identified in fungal networks under 
NSE and SE, respectively (Fig. S6 d-f).

In addition, bacteria-fungi interdomain networks were constructed 
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to analyze interactions between the bacterial and fungal communities 
(Fig. 4e). All interdomain networks exhibited highly modular structures, 
with fungal nodes predominantly serving as module centers (Fig. 4e). 
The topological properties of these networks differed significantly across 
NSE, SSE, and SE. Under SE and SSE, the number of edges, average 
degree, and relative modularity increased compared to NSE, while the 
average path length decreased, indicating more complex interdomain 
interactions between soil bacteria and fungi under SE and SSE (Fig. 4f, 
Table S9). Furthermore, the proportion of negative links in interdomain 
networks declined in SE and SSE relative to NSE (Table S9), indicating 
increased co-occurrence and decreased co-exclusion interactions be
tween soil bacterial and fungal communities under shrub encroachment.

3.4. Correlations between soil physicochemical properties, microbial traits 
and soil multifunctionality

Pearson's correlations were calculated among soil physicochemical 
properties (e.g., soil pH, soil water content, soil organic carbon, and soil 
nutrients), soil multifunctionality, and microbial traits, including 

microbial diversity and network complexity (Fig. 5a). Soil pH exhibited 
a strong negative correlation with soil multifunctionality, whereas soil 
water content (SWC) was positively correlated with soil multi
functionality. Most soil nutrient properties were also significantly and 
positively correlated with soil multifunctionality. Additionally, bacterial 
diversity was negatively correlated with soil pH but positively correlated 
with SWC and most soil nutrient properties. In contrast, fungal diversity 
showed no significant correlations with soil physicochemical properties, 
except for a significant association with the first axis of principal co
ordinates analysis for soil fungal composition (PC1). Moreover, bacterial 
network complexity was negatively correlated with most soil properties, 
whereas interdomain network complexity displayed positive correla
tions. Fungal network complexity showed no significant correlations 
with most soil properties. These results highlighted the critical role of 
soil physicochemical properties in shaping soil multifunctionality, bac
terial diversity, and bacterial and interdomain network complexity.

Furthermore, the relationship between soil microbial network 
complexity and soil multifunctionality was analyzed using the threshold 
approach (Fig. 5b–d). The average degree of soil bacterial networks was 

Fig. 3. Diversity and composition of soil microorganisms under no shrub encroachment (NSE), subshrub encroachment (SSE), and shrub encroachment 
(SE) conditions. (a) and (b) Alpha diversity of soil bacteria and fungi, represented by the richness index, respectively. (c) and (d) Community composition of soil 
bacteria and fungi, analyzed using principal coordinates analysis (PCoA), respectively. Differences in community composition among the three encroachment 
conditions were statistically significant (P < 0.001), as determined by permutational multivariate analysis of variance (PERMANOVA).
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consistently negatively correlated with soil multifunctionality across 
various thresholds, ranging from 5 % to 99 % (Fig. 5b). In contrast, the 
correlation between fungal network complexity and soil multi
functionality varied inconsistently across thresholds (Fig. 5c). Inter
domain network complexity, however, was positively correlated with 
soil multifunctionality (Fig. 5d).

To elucidate how soil microorganisms regulate soil multi
functionality, we applied a partial least-squares path model (PLS-PM; 
Fig. 6). A conceptual framework was initially formulated from prior 
literature (Fig. S7) and iteratively refined through model optimization. 
During this phase, we systematically removed indicators exhibiting high 
collinearity (variance inflation factor > 5) yet low factor loadings (<
0.7), those with substantial cross-loadings, redundant latent paths, and 
variables with negligible explanatory power (< 5 % unique variance). 
This pruning ensured a proper balance between the model's overall 
explanatory power and statistical reliability, ultimately excluding 
several bacterial diversity metrics and all fungal-specific indicators. In 
the final PLS-PM, bacterial network complexity and the proportion of 
negative links in bacterial networks exerted direct and negative effects 

on soil multifunctionality, while the number of edges in bacteria-fungi 
(B–F) interdomain networks influenced multifunctionality indirectly 
(Fig. 6). Model stability was validated via bootstrap resampling (n =
5000) with all path coefficients and R2 values of endogenous variables 
remaining significant (95 % confidence intervals did not cross zero). 
Overall fit was excellent (goodness-of-fit, GOF = 0.847; Fig. 6), indi
cating robust explanatory power. Specifically, shrub encroachment 
enhanced plant biomass, which subsequently increased soil water con
tent (SWC), soil organic carbon (SOC), and total nitrogen (TN). (Fig. 6). 
These properties, in cascade, elevated bacterial diversity and indirectly 
reduced bacterial network complexity. Additionally, elevated plant 
biomass augmented the edge number of B–F interdomain networks, 
which was negatively correlated with the proportion of negative links in 
bacterial networks (Fig. 6). Overall, shrub encroachment, plant biomass, 
bacterial composition, and the edge number of B–F networks yielded 
positive total effects on soil multifunctionality, while bacterial network 
complexity and the proportion of negative links in bacterial networks 
had negative total effects. Collectively, the model explained 83.3 % of 
the total variation in soil multifunctionality.
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Fig. 4. Intra- and inter-domain co-occurrence networks, as well as their average degree under different shrub encroachment conditions. (a) Bacterial intra- 
domain networks and (c) fungal intra-domain networks, with different colors indicating different modules. (b) and (d) Average degree of bacterial and fungal intra- 
domain networks, respectively. (e) Interdomain networks between soil bacteria and fungi, with blue and red lines representing positive and negative links between 
ASVs, respectively. (f) Average degree of interdomain networks. The degree (number of connections held by a node) of nodes is represented by the size of nodes. 
Nodes: node number of the network, Links: edge number of the network, NSE: no shrub encroachment, SSE: subshrub encroachment, SE: shrub encroachment. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Y. Jing et al.                                                                                                                                                                                                                                     Catena 264 (2026) 109798 

7 



4. Discussion

4.1. Shrub encroachment promoted soil multifunctionality

This study investigated the effects of shrub encroachment on plant 
and soil properties, as well as soil multifunctionality. We found parallel 
increases in plant biomass, soil water content (SWC), soil organic carbon 
(SOC), total soil nutrients (Fig. S2), and soil multifunctionality (Fig. 2) 
under both shrub and subshrub encroachment. These findings are 
consistent with previous studies reporting concurrent increases in soil 
physicochemical properties and multifunctionality under shrub 
encroachment (Chandregowda et al., 2018; Quero et al., 2013; Valencia 
et al., 2015). We also observed significant increases in soil multi
functionality of carbon, nitrogen, and phosphorus cycling (multi
functionality-C/N/P) following shrub encroachment (Fig.2c-e), aligning 
with results from the Qinghai-Tibet Plateau, where shrub encroachment 
enhanced multifunctionality-C/N in alpine steppe (Yang et al., 2024). 
Because effects on multifunctionality-P have been less frequently re
ported, our results help to fill this gap.

The observed increase in plant biomass under shrub encroachment 
(Fig. S2) likely explains part of the enhancement in soil multi
functionality (Quero et al., 2013; Valencia et al., 2015). Compared to 
grasses, shrubs generally have greater biomass, heights, canopy covers, 
and basal areas (Eldridge et al., 2013). These traits improve the 

accumulation of soil water and nutrients, both of which play a crucial 
role in enhancing soil multifunctionality under shrub encroachment 
(Valencia et al., 2015). Moreover, increase in SOC and total nutrients 
under both SE and SSE (Fig. S2) also contributed to higher soil multi
functionality, as demonstrated by their significant positive correlations 
with the multifunctionality index (Fig. 6). This finding aligns with pre
vious studies that report concurrent increases in SOC, total nitrogen 
(TN) and total phosphorus (TP), and multifunctionality following shrub 
encroachment (Chandregowda et al., 2018; Yang et al., 2024). We also 
observed a decrease in soil pH (Fig. S2) concomitant with higher mul
tifunctionality, consistent with evidence that lower pH in alkaline soils 
can enhance nutrient availability and microbial activity (Naz et al., 
2022).

By contrast, Wu et al. (2024) reported a negative effect of shrub 
encroachment on soil multifunctionality in the semi-arid grasslands of 
Inner Mongolia, which differs from our findings on the Loess Plateau and 
from most studies in mesic or alpine ecosystems (Chandregowda et al., 
2018; Yang et al., 2024). This discrepancy may arise from differences in 
soil water content (SWC) among studies. As SWC decreases, the corre
lation between shrub encroachment and soil multifunctionality can shift 
from positive to negative (Soliveres et al., 2014). In our sites, SWC 
increased with encroachment (Fig. S2), whereas Wu et al. (2024) re
ported reduced soil water holding capacity, which may explain the 
contrasting results.

Fig. 5. Correlations between soil physicochemical properties, soil multifunctionality, microbial diversity and network complexity. (a) Pearson's correla
tions identifying significant factors influencing soil multifunctionality and microbial attributes, including soil pH, soil water content (SWC), and soil nutrients. 
Statistical significance is denoted by star marks (*: P < 0.05, **: P < 0.01). (b-d) Relationships between the number of soil functions exceeding threshold and the 
average degree of bacteria (b), fungi (c), and bacteria-fungi (B–F) interdomain (d) networks. Thresholds represent percentages of the maximum observed value for 
each function across all samples, with colors indicating different thresholds as shown in the figure legend. SOC: soil organic carbon, TN: soil total nitrogen, TP: soil 
total phosphorus, NO−

3 : soil nitrate nitrogen, NH+
4 : soil ammonium nitrogen, Multifunctionality-C: soil multifunctionality related to carbon cycling, 

Multifunctionality-N: soil multifunctionality related to nitrogen cycling, Multifunctionality-P: soil multifunctionality related with phosphorus cycling, PC1: the first 
axis of principal coordinate analysis for soil microbial composition, Average CC: average clustering coefficient.
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4.2. Different responses of soil bacteria and fungi diversity and 
composition to shrub encroachment

Our results revealed that shrub encroachment affected the alpha 
diversity of soil bacteria (Fig. 3a, S4) and reshaped community 
composition of both soil bacteria and fungi (Fig. 3c, d, S5). Specifically, 
soil bacterial diversity increased significantly under shrub encroach
ment (SE) and subshrub encroachment (SSE) conditions (Fig. 3a, S4a–c). 
This pattern aligns with studies from Inner Mongolia (Xiang et al., 
2018), the Qinghai-Tibet Plateau (Dengzeng et al., 2022), and the Loess 
Plateau (Guo et al., 2022), which reported positive effects of shrub 
encroachment on bacterial alpha diversity. The underlying mechanisms 
remain unclear. In our study area, we hypothesized that the promotion 
of bacterial alpha diversity under shrub encroachment may be mediated 
by soil pH, soil water content (SWC), and soil nutrients. Decreased pH in 
our alkaline study site could alleviate resource limitation and promote 
bacterial diversity, in line with Naz et al. (2022) and Jiao and Lu (2020). 
Furthermore, increased SWC under encroachment (Fig. S2) correlated 
with higher soil bacterial diversity, consistent with evidence that higher 
SWC can increase bacterial diversity (Li et al., 2021). Additionally, 
synchronous increase in plant biomass (Fig. S2) and bacterial diversity 
(Fig. 3) may reflect nutrient enrichment associated with greater plant 
biomass, creating additional ecological niches for bacterial species (Han 

et al., 2019). In contrast, fungal diversity was not significantly affected 
by shrub encroachment in our study (Fig. 3b, S4), differing from reports 
of strong fungal responses (Li et al., 2024; Marchal et al., 2025). These 
discrepancies likely reflect the strong context dependency of fungal re
sponses; here, effects were expressed mainly as shifts in community 
composition rather than richness.

Shrub encroachment also induced significant shifts in microbial 
community composition (Fig. 3c, d; Table S7, S8). In bacteria, shrub 
encroachment increased the relative abundance of Proteobacteria, Fir
micutes, Verrucomicrobia, and Latescibacteria (Table S7). Notably, Lates
cibacteria—often associated with water- and nutrient- rich environments 
(Farag et al., 2017; Youssef et al., 2015)—increased significantly (P < 
0.05), consistent with higher SWC and nutrient availability under 
encroachment (Fig. S2). The increase in Proteobacteria under SE and SSE, 
although not statistically significant (Table S7), aligns with reports that 
shrub encroachment promotes the proliferation of this phylum (Guo 
et al., 2022). In contrast, Actinobacteria and Chloroflexi—typically 
considered primary oligotrophs (Arocha-Garza et al., 2017; Liu et al., 
2024)—decreased under encroachment (Table S7), likely due to 
improved soil resources conditions. Interestingly, no significant 
decrease in Acidobacteria, another oligotrophic group (Guo et al., 2022), 
was found under SE and SSE (Table S7), probably because their pref
erence for lower soil pH (Kielak et al., 2016) promoted their growth 

Fig. 6. Partial least-squares path modeling (PLS-PM) demonstrating the regulatory mechanism of soil multifunctionality under shrub encroachment. Blue 
and red arrows indicate positive and negative correlations between variables, respectively. The variance explained (R2) for each variable is shown in the lower-left 
corner of the variable box. Normalized path coefficients are displayed along the arrow, with star marks denoting statistical significance (*: P < 0.05, **: P < 0.01, ***: 
P < 0.001). Total effects of variables on soil multifunctionality are summarized in the bar plot inserted in the upper-right corner of the figure. SOC: soil organic 
carbon, TN: total nitrogen, SWC: soil water content, PC1: the first axis of principal coordinate analysis for soil bacteria composition. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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under the observed pH decreases, offsetting the inhibitory effects of 
increased nutrients. In fungi, shrub encroachment significantly 
increased the relative abundance of Sordariomycetes (Table S8). As pri
marily copiotrophic organisms, many members of this class function as 
saprotrophs (Maharachchikumbura et al., 2016), which may enhance 
decomposition and nutrient cycling in shrub-encroached grasslands. 
Taken together, these findings underscore the substantial impacts of 
shrub encroachment on soil microbial structure, particularly through 
shifts in diversity and taxonomic composition.

4.3. Soil microbial network structures in response to shrub encroachment 
and their influence on soil multifunctionality

This study investigated the microbial mechanisms driving enhanced 
soil multifunctionality in shrub-encroached grasslands, with a particular 
focus on alternation in microbial intra- and interdomain networks. 
Specifically, soil bacterial network complexity and the proportion of 
negative links directly influenced soil multifunctionality, while the edge 
number of bacteria-fungi interdomain networks had an indirect effect 
(Fig. 6).

Although prior studies often report that shrub encroachment in
creases bacterial network complexity (Jiao et al., 2022; Xiang et al., 
2018), we observed the opposite pattern (Table S9), contrast to our 
initial hypothesis. This decline may result from the enrichment of carbon 
and nutrients associated with shrub encroachment, which redistributes 
resources and creates new ecological niches (Idbella et al., 2022), 
thereby reshaping bacterial community composition (Guo et al., 2022). 
As pre-existing interactions are disrupted and replaced, the bacterial 
network may become less complex (Chen et al., 2022b). Additionally, 
complex microbial interactions are often regarded as an adaptive 
strategy for energy and nutrient acquisition under resource limitation 
(Zhai et al., 2024). When limitations are alleviated by shrub encroach
ment (Ding and Eldridge, 2021), the necessity for complex bacteria in
teractions would diminish, leading to simpler networks. This 
interpretation is supported by reports of a reversed V-shape relationship 
between soil bacterial network complexity and nutrient levels (Li et al., 
2024).

The relationship between network complexity and soil multi
functionality remains unclear, particularly under shrub encroachment. 
Our path analysis indicated that lower bacterial network complexity was 
associated with higher multifunctionality (Fig. 6). Mechanistically, 
simpler networks may reduce cascade failure risk and dampen antago
nistic feedback under disturbance (Chen et al., 2023; Lin et al., 2021), 
thereby potentially enhancing functional stability (Yonatan et al., 
2022). Additionally, the observed negative correlation between bacte
rial network negative links and soil multifunctionality (Fig. 5) suggests 
that reduced co-exclusion (putative competitive) interactions within 
bacterial community can foster microbial diversity and promote soil 
functioning (Eldridge et al., 2017; Wang et al., 2023).

Furthermore, shrub encroachment increased the number of edges in 
the bacteria-fungi interdomain networks (Table S9), which indirectly 
enhanced soil multifunctionality (Fig. 6). This finding aligns with pre
vious studies that emphasize the critical role of microbial interdomain 
interactions in promoting soil functions (Guseva et al., 2022). Bacteria 
and fungi play complementary roles in soil nutrient cycling, offering 
functional compensation (De Menezes et al., 2017). For example, fungi 
decompose lignocellulosic compounds into soluble sugars and phenolics 
that fuel bacteria (Tornberg et al., 2003), while bacteria can degrade 
toxic compounds that facilitate fungal growth (Boer et al., 2005). Such 
complementarity supports multiple dimensions of soil functioning (De 
Menezes et al., 2017).

Interestingly, bacterial network complexity and the proportion of 
negative links responded to shrub encroachment in the opposite manner 
compared to bacterial-fungal interdomain network complexity 
(Table S9). Despite this contrast, both bacterial and interdomain net
works contributed to regulating soil multifunctionality (Fig. 6). These 

results suggest that soil bacteria adapted to increased resource avail
ability (SWC, SOC and nutrients; Fig. S2) under shrub encroachment by 
shifting interaction strategies—weakening within-domain connectivity 
while strengthening co-occurrence with fungi (Table S9). This shift 
likely improved bacterial resource acquisition via functional comple
mentarity (De Menezes et al., 2017) and potentially alleviated within- 
domain competition (Fig. 6). As a result, looser bacterial intradomain 
interactions coupled with enhanced bacteria–fungi interdomain in
teractions facilitated soil carbon, nitrogen, and phosphorus cycling 
(Chen et al., 2023; Zhou et al., 2024), ultimately contributing to higher 
soil multifunctionality under shrub encroachment.

Limitations should be acknowledged. First, the study was conducted 
at a single site in the semi-arid grasslands of the Loess Plateau. Although 
representative, the study site does not capture the Plateau's geomorphic, 
edaphic, and land-use heterogeneity; therefore, testing generality will 
require multi-site replication—an effort beyond this study's scope. Sec
ond, co-occurrence networks, though widely used to infer potential 
cooperative and competitive relationships, rely on correlations that do 
not necessarily reflect actual and direct interactions. Experimental val
idation—e.g., culture-based assays or pairwise strain-interaction 
tests—would strengthen network-based inferences. Despite these limi
tations, our results indicate that shrub encroachment, to some extent, 
can enhance soil multifunctionality, suggesting potential benefits for 
ecosystem management on the Loess Plateau. Moreover, the demon
strated microbial contribution to multifunctionality implies that 
microbial-based interventions (e.g., bioinoculants or microbial fertil
izers) may offer practical tools for managing soil multifunctionality and 
ecosystem health in shrub-encroached grasslands.

5. Conclusions

This study provides comprehensive insights into the effects and 
mechanisms of shrub encroachment during grassland restoration suc
cession in semi-arid ecosystems. Our findings demonstrate that shrub 
encroachment enhanced soil multifunctionality, increased soil bacterial 
diversity, and reshaped the community composition of both soil bacteria 
and fungi. Additionally, shrub encroachment reduced bacterial network 
complexity and the proportion of negative links, while increasing the 
number of edges in bacteria-fungi interdomain networks. These con
trasting responses between intra- and interdomain networks suggest a 
shift in bacterial interaction strategies, which played a vital role in 
mediating the observed improvements in soil multifunctionality. In 
conclusion, our findings advance the understanding of the ecological 
consequences and underlying microbial mechanisms of shrub 
encroachment in long-term enclosed grasslands. Future research should 
further explore the critical role of soil microorganisms to inform effec
tive management strategies for grasslands under shrub encroachment.
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