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Vegetation restoration has significant impacts on ecosystems, and a comprehensive understanding of microbial
environmental adaptability could facilitate coping with ecological challenges such as environmental change and
biodiversity loss. Here, abundant and rare soil bacterial and fungal communities were characterized along a
15—45-year chronosequence of forest vegetation restoration in the Loess Plateau region. Phylogenetic-bin-based
null model analysis (iCAMP), niche breadth index, and co-occurrence network analysis were used to assess

microbial community assembly and environmental adaptation of a Robinia pseudoacacia plantation under long-
term vegetation restoration. The drift process governed community assembly of abundant and rare soil fungi and
bacteria. With increasing soil total phosphorus content, the relative importance of drift increased, while dispersal
limitation and heterogeneous selection exhibited opposite trends for abundant and rare fungi. Rare soil fungal
composition dissimilarities were dominated by species replacement processes. Abundant microbial taxa had
higher ecological niche width and contribution to ecosystem multifunctionality than rare taxa. Node property
values (e.g., degree and betweenness) of abundant microbial taxa were substantially higher than those of rare
microbial taxa, indicating abundant species occupied a central position in the network. This study provides
insights into the diversity and stability of microbial communities during vegetation restoration in Loess Plateau.
The findings highlight that abundant soil fungi and bacteria have broad environmental adaptation and major
implications for soil multifunctionality under long-term vegetation restoration.
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1. Introduction

Forest restoration and afforestation of arable land are the most
widely applied restoration activities for natural ecosystem biodiversity
and function (Bongers et al., 2021; Zhang et al., 2021). In long-term
vegetation restoration, biotic (e.g., plant) and abiotic factors (e.g., pH)
indirectly or directly influence soil microbial community structure (Jiao

et al., 2018; Li et al., 2022, 2023a,b). Soil microbes exhibit skewed
distribution, with rare species coexisting with abundant species locally
(Jia et al., 2018). Recently, some studies have reported the distribution
of rare and abundant species at the macro and micro scales (e.g.,
biogeographical patterns, soil aggregates) (Jiao et al., 2017; Zheng et al.,
2021). However, distribution rare and abundant taxa under long-term
vegetation restoration are unclear.

Soil microbes play crucial roles in the maintenance of ecosystem
functionality (e.g., carbon cycling and nitrogen cycling) (Coban et al.,
2022; Liu et al., 2020; Prescott and Grayston, 2013; Wang et al., 2017).
The roles of abundant and rare taxa are different in different ecosystems.
Rare bacterial taxa such as Cyanobacteria and Glomeromycota have been
reported to be the major contributors to soil multifunctionality in agri-
culture ecosystems (Chen et al., 2020). In the Yellow River Delta, rare
taxa exhibit broader environmental adaptation than abundant taxa, and
play important roles in reforestation (He et al., 2022). Following
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external disturbance, microbial community structure is altered to adapt
to environmental change. The numbers of taxa with high tolerance to
stress typically increase their numbers to maintain community function
under disturbance, and such groups are reportedly relatively stable in
microbial communities (Xun et al., 2021; Hector and Bagchi, 2007).
These relatively stable species are closely linked with ecosystem multi-
functionality via species interactions, resource utilization, or other
processes (Xue et al., 2022). Therefore, a comprehensive understanding
of microbial community stability could facilitate cope with questions of
sustainable development of ecosystem.

Forests have broad temporal dynamic states. Accumulation of
disperse and selective pressure over time alter the directions and
strengths of deterministic and stochastic processes (Dini-Andreote et al.,
2015). In the early stages of subtropical forests, the deterministic pro-
cesses dominate soil microbial community assembly, while stochastic
processes play important roles in microbial community assembly in later
stages (Liu et al., 2021). Microbial assembly processes (deterministic
processes and stochastic processes) are a central issue in microbial
ecology (Zhou et al., 2013; Stegen et al., 2013). Understanding of the
assembly process is precondition for the knowing of the mechanism of
community stability. However, the assembly processes of abundant and
rare microbes remain uncertain during long-term vegetation restoration.

The Loess Plateau has a semi-humid and semi-arid climate with se-
vere soil erosion and ecological fragility. Robinia pseudoacacia plantation
plays an important role in ecological restoration in this region (Xu et al.,
2019). However, there are concerns over the ability of reforestation
using monoculture plantations to contain or reverse biodiversity loss
(Zhang et al., 2021). Microbial diversity and richness are the results of
selection for environmental adaptation (Jiao and Lu, 2020; Xue et al.,
2022). Species with broader niches would obtain more resources and
have an advantage over the competition (Jiao and Lu, 2020).
High-throughput throughput sequencing was used to uncover the
environmental adaptation and composition dissimilarity of abundant
and rare microbial taxa in the present study. The experimental site was
set up in Yongshou County, Shaanxi Province, which has a relatively
complete restoration sequence of R. pseudoacacia vegetation over a
period of 45 years. The aims of the present study were to investigate (i)
the environmental adaptability and roles of abundant taxa and rare taxa
in R. pseudoacacia plantation during long-term restoration and (ii) the
stability of abundant and rare subcommunities. The findings of the
present study could facilitate the prediction of the responses of soil
microbial communities to forest development, in addition to enhancing
our understanding of the mechanisms of maintenance of soil microbial
diversity and functional stabilization in forest ecosystems.

2. Material and methods
2.1. Experimental site

The study area was located at the Huaiping Forest Farm, Yongshou
County, Shaanxi Province, China (34°12'-34°50'N, 108°5'6"-108°5'11").
The mean air temperature and annual precipitation were 11.3 °C and
569.9 mm, respectively. Robinia pseudoacacia is the dominant tree spe-
cies. Samples were collected from four sites under restoration over
different rehabilitation years (15, 25, 35, and 45 years, hereafter
referred to as Y15, Y25, Y35, and Y45, respectively), and a farmland
with wheat adjacent to the restoration sites (Y0). Wheat is the major
crop in the study area. Wheat was grown under a single cropping system.

2.2. Soil sampling and ecosystem multifunctionality index calculation

Plots (20 x 20 m) with six replicates were selected for each forest age
group to collect soil samples in July 2020. Six soil cores (0-20 cm depth)
were collected along an S-shaped pattern and mixed into one soil sam-
ple. Each soil core was passed through a 2-mm sieve (®200 x 50 mm, 10
mesh) to remove roots and stones. A part of the samples was stored at
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4 °C for determination of microbial biomass, and another part was used
for determination of soil physical and chemical properties. Samples for
molecular analyses were stored at —20 °C. Please see the Supplementary
Materials (S1) for the soil physicochemical property measurement
methods. Soil organic carbon (SOC), total nitrogen (TN), total phos-
phorus (TP), Soil ammonium-nitrogen (NHF-N), nitrate-nitrogen
(NO3-N), microbial biomass nitrogen (MBN), microbial biomass car-
bon (MBN), dissolved organic carbon (DOC), dissolved organic nitrogen
(DON) were used to calculate the soil multifunctional index after being
normalized using the decostand function in R v4.3.1 (R Core Team, R
Foundation for Statistical Computing, Vienna, Austria). The standard-
ized ecosystem functions were then averaged to obtain a multifunctional
index (Jiao et al., 2019).

2.3. Microbial bioinformatics analysis

Soil total DNA was extracted from 0.5-g soil samples. DNA purity and
concentration were determined on 1% agarose gels (Muarry and
Thompson, 1980). The internal transcribed spacer (ITS1) regions of
fungal ITS rRNA genes were amplified using the primers ITS5-1737 F
(GGAAGTAAAAGTCGTAACAAGG) and ITS2-2043R (GCTGCGTTCTTC
ATCGATGC), whereas the V4-V5 regions of bacterial 16 S rRNA genes
were amplified using the primers 515 F (GTGCCAGCMGCCGCGG) and
907 R (CCGTCAATTCMTTTRAGTTT). Sequencing was conducted on the
NovaSeq 6000 platform (Illumina, San Diego, CA, USA). 16s rRNA and
ITS gene sequences were analyzed using the QIME2 pipeline (2020.8)
(Callahan et al., 2016). The DADA2 module of QIME2 software (https://
docs.qiime2.0rg/2020.8/install/native/) was used to trim and denoise
the sequence data, which were used to infer Amplicon Sequence Vari-
ants (ASVs). Assignment of representative sequences to taxonomic lin-
eages was performed according to the method of Chen et al. (2021).

Here, ASVs were divided into “rare” and “abundant” categories,
which correspond to relative abundances of >0.1% and <0.01% of the
total sequence, respectively (Jiao and Lu, 2020; Li et al., 2019). Mi-
crobial diversity, niche breadth index, and network analysis are pro-
vided in the Supplementary Materials. § diversity reflected changes in
microbial composition during long-term vegetation restoration, which
may be the result of species replacement or richness difference (Shen
et al.,, 2020). Species replacement indicates species replacement in
different communities, whereas richness difference is caused by species
loss or gain (Stéphane et al., 2017). Microbial compositional dissimi-
larities (B diversity) among groups were partitioned into replacement
and richness difference components (Jaccard dissimilarities) using the
adespatial package in R (Stéphane et al., 2017). Microbial community
stability was estimated using average variation degree (AVD), which is
calculated as described in Supplementary Materials (S3). Lower AVD
indicated higher stability (Xun et al., 2021).

To infer the microbial assembly process, beta Net Relatedness Index
(BNRI) and Raup-Crick Index (RCI) were calculated using the “iCAMP”
package in R platform (Ning et al., 2020). fNRI >1.96 or pNRI < —1.96
indicated heterogeneous and homogeneous selection, respectively, |p
NRI| < 1.96 and |RCI| > 0.95 indicated dispersal limitation, |pNRI| <
1.96 and RCI < —0.95 indicated homogenizing dispersal, |NRI| < 1.96
and RCI >0.95 indicated drift (Ning et al., 2020). Random Forest (RF)
model analysis was also performed to evaluate the key environmental
factors governing microbial community dissimilarity. The relationships
between key environmental factors and ecological processes were
analyzed via linear regression.

3. Results

3.1. The distribution of abundant and rare bacteria and fungi along a
vegetation restoration chronosequence

Across the 30 samples, a total of 26,643 and 8367 ASVs were ob-
tained for bacteria and fungi, respectively. Abundant soil bacteria and
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Fig. 1. Analysis of microbial structure. (A) Abundance-occupancy relationships of rare and abundant taxa, estimated via regression analyis. ***, P < 0.001. (B)
Richness index of rare and abundant taxa in each site. Y15, Y25, Y35, and Y45 represent 15, 25, 35, and 45 years, respectively. Wheat filed was used as the control
(Y0). (C) Dominate species composition of rare and abundant microbial sub-communities.

fungi have 98 and 50 shared ASVs during the long-term vegetation
restoration, respectively (Fig. S1). Among the rare taxa, there were 26
fungal shared ASVs, and 127 bacterial shared ASVs (Fig. S1). Number of
unique ASVs decreased over time under long-term vegetation restora-
tion (Fig. S1). A very low proportion of the ASVs (Bacteria: 0.5%, Fungi:
1.6%, Fig. 1A) were identified as abundant taxa; about 90% of the ASVs
were classified as rare taxa (Bacteria, 93.2%; Fungi, 92%, Fig. 1A).
Abundant taxa had lower ASV richness than rare taxa in both bacteria
and fungi (Fig. 1B). The richness index of abundant species (bacteria and
fungi) in the cropland field was lower than that in forest land, and rare
species exhibited an opposite trend (Fig. 1B). The compositions of bac-
terial and fungal sub-communities varied in the course of the vegetation
restoration, according to the PCoA plots based on Bray-Curtis distances

(Fig. S2). Permutational Multivariate Analysis of Variance results
showed that the influence of vegetation restoration on rare microbial
community dissimilarity (Fig. S2, P < 0.001, R%aceria = 0.31, R%ungi =
0.32) was less than that on abundant taxa (Fig. S2, P < 0.001, Riaceria =
0.84, R%ungi = 0.71). At the phylum level, Proteobacteria and Acid-
obacteriota were the dominant taxa in abundant and rare bacteria. The
rare fungi subcommunity was dominated by Ascomycota (27.1%), and
the abundant fungi subcommunity was dominated by Ascomycota
(35.1%) and Mortierellomycota (22.4%) (Fig. 1C).

Soil TP and pH were the main drivers of fungal and bacterial sub-
community distribution, respectively, according to the results of RF
analysis (Fig. S3). The dissimilarities in rare subcommunity composi-
tional were primarily driven by species replacement processes,
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Table 1
The table shows results of p diversity decomposition analyses.  diversity com-
parisons (using Jaccard similarity) for bacterial and fungal among all samples.

Bacteria Fungi

Rare Abundant Rare Abundant
Species replacement processes 87% 16% 83% 12%
Richness difference processes 8% 9% 12% 23%

accounting for 87% and 83% of the variations for bacteria and fungi,
respectively. Whereas richness difference process only contributed on
average of 8% and 12%, respectively (Table 1). The relative contribution
of species replacement to abundant taxa beta diversity was 16% and
12% in bacteria and fungi, respectively, whereas richness difference
process contributed 9% and 23% on average, respectively (Table 1). In
addition, the variation in ecosystem multifunctionality was explained by
both abundant and rare microbial diversity (Bacteria: R? = 71.2%,
Fungi: R = 69.8%). Among them, the contribution of abundant taxa
diversity to ecosystem multifunctionality was higher than that of rare
taxa (Fig. 2A and B). Moreover, abundant taxa had a significantly
broader niche breadth index compared to rare taxa (Fig. 2B-D).

3.2. Assembly processes of abundant and rare soil bacteria and fungi

Our study employed iCAMP analysis to infer microbial assembly
process during long-term vegetation restoration. The findings revealed
that drift process exhibited greater significance compared to other
processes in both abundant and rare soil fungal and bacterial sub-
communities (Fig. 3). Moreover, the importance of homogenizing
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dispersal decreased from cropland soil to forest (Fig. 3). Linear regres-
sion was utilized to estimate the impact of environmental factors on
microbial community assembly processes (Fig. 4). The importance of
homogeneous selection within the bacterial community (abundant and
rare taxa) exhibited a stronger correlation with soil pH [R? = 0.18,P <
0.001), while the rare bacterial taxa displayed a weak correlation with
pH (Fig. 4A—B, R% = 0.02, P < 0.001). The relative influence of drift on
the fungi community significantly increased with an elevation in soil TP,
while heterogeneous selection displayed a contrasting trend (Fig. 4C-D,
P < 0.001).

3.3. Co-occurrence network of abundant and rare microbial taxa

The entire bacterial co-occurrence network consisted of six major
modules, with I-VI accounting for 21.22%, 20.78%, 19.07%, 15.4%,
10.12%, and 11.16% of the whole network, respectively (Fig. 5A).
Conversely, in the fungal network, modules I-VI accounted for 18.58%,
15.71%, 13.68%, 13.01%, 12.67%, and 21.12% of the whole network,
respectively (Fig. 5B). Six sub-modules were extracted from the whole
network (bacteria and fungi) for rare taxa (Fig. S4). Three sub-modules
of abundant bacteria were extracted from the whole bacterial network
(Fig. S4B). In the cases of abundant fungi taxa, two sub-modules were
extracted from the whole fungal network (Fig. S4C). The relationships
between relative abundance of microbial network modules and
ecosystem multifunctionality were used to infer the contributions of
network modules. Bacterial module 2 (M2) and fungal module 5 (M5)
were identified as important ecological clusters for ecosystem multi-
functionality (Fig. 5). Moreover, the modules included more rare taxa
(Fig. S4).

16

Ecosystem multifunctionality

* R*=69.8%
12 o o = Abundant

= Rare

a-diversity  B-diversity  B-diversity a-diversity

401

204

Abundant Rare
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Fig. 2. Random forest analysis and niche breadth index calculation of rare and abundant taxa. (A-B) The contributions of rare and abundant taxa to ecosystem
multifunctionality soil multi-nutrient index (Permutation test, *P < 0.05, **P < 0.01, ***P < 0.001. (C-D) Difference of niche breadth index between abundant and

rare taxa (Wilcox test ***P < 0.001).
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The interaction co-occurrence networks between rare and abundant
community were constructed based on Spearman’s rank correlation.
Rare taxa had 1934 nodes and abundant taxa had 108 nodes (Fig. 6A). In
the fungal network, rare taxa had 470 nodes, and abundant taxa had 122
nodes (Fig. 6C). The node properties (e.g., degree, betweenness, eigen-
vector, and closeness centrality) were compared to assess the relative
importance of each node in the network (Fig. 6B and D). Node property
values in the rare bacterial community were significantly lower than
those in the abundant bacterial community (Fig. 6B), with similar results
observed in fungi (Fig. 6D). As for bacteria, closeness coefficients for
abundant subpopulations were substantially higher than those for rare
subpopulations (Fig. 6B), which was not the case in fungi (Fig. 6D).
Microbial community AVD exhibited no significant changes from Y15 to
Y45. Moreover, the AVD values for rare subcommunities (bacteria and
fungi) were comparatively lower than those observed for abundant
subcommunities (Table 2).

4. Discussion

4.1. Abundant and rare sub-community compositional dissimilarities and
the ecological drivers

Microbial community structure is an integrated indicator for
assessing soil and ecosystem characteristics (Banning et al., 2011). The
number of unique ASVs decreases with increasing stand age, suggesting
that microbial community composition changes along vegetation
restoration time series. In the present study, the rare subcommunity
exhibited higher a-diversity and p-diversity than the abundant sub-
community, suggesting difference in species distribution (Fig. 1,
Fig. S2). A significant and positive relationship was observed between
species abundance and occupancy in the present study (Fig. 1A),
indicting the influence of the balance between birth and death rate on

species distribution (Pedros-Alio, 2012). Furthermore, soil pH and TP
governed bacterial and fungal community dissimilarity, respectively
(Fig. S3). In a study carried out on a mountain, soil pH was also the
major factor influencing bacterial diversity, whereas mean annual
temperature was the major predictor of fungal diversity (Shen et al.,
2020). At the biogeographical scale, soil pH is reportedly a major factor
influencing bacterial community compositional dissimilarity, because
soil pH interacts with numerous other soil variables (Fierer and Jackson,
2006). In addition, we observed that soil TP was the most important
predictor of fungal composition variance, which could be attributed to
habitat preferences of species (Isabwe et al., 2022). Fungi are more
sensitive to nutrient addition than bacteria; therefore, fungal commu-
nity changes under long-term N and P addition are governed by soil P
content in tropical montane forest soil (Ma et al., 2023). Previous studies
have reported that fungi have a broader optimal growth pH range than
bacteria based on pure culture and gene sequencing studies (Nevarez
et al., 2009; Rousk et al., 2010). Therefore, it is reasonable that fungal
composition dissimilarity is less responsive than bacteria to local-scale
shifts in soil pH.

In the present study, average variation degrees for abundant com-
munities were higher than those in rare communities, indicating relative
stable rare microbial communities. The relative stability of rare taxa
were the results of combined effects of various exogenous factors (e.g.,
soil factors and climate factors) as well as endogenous factors (e.g.,
biological interactions in microbial communities) (Hastings, 2010). We
observed rare taxa composition dissimilarity was dominated by species
replacement processes, which indicated that rare species were more
vulnerable to replacement by species during vegetation restoration
(Storch et al., 2018; Wang et al., 2021). Slight decreases in rare taxa
abundance could lead to their extinction (Pedros-Alio, 2006). But it is
undeniable that rare taxa as microbial seed banks have potential
importance for community stability and function (Jiao et al., 2017;



J. Lietal

Environmental Research 242 (2024) 117720

A 1.00] R2=0.01, P =0.05 . B 100] R><0.01,P=0.23
‘ : { R2<0.01,P=0.77
‘ ‘ ‘ R2<00LP=029 =
0.751 RZ=0.18,P<0.00]  wwme SEETT i R2<0.02, P < 0.001 ‘
= R2<0.01,P=064 wm - R2<0.01,P=0.64
1 | }
; 0.501 0.50
£ " mo " mue
- -
0.251 ve eee o= 0.251 ' "‘ =
- I I _.i ® Dispersal limitation
Wy wume [ ] .
0.00] === 0.00] -8 — Drift
7.0 75 8.0 7.0 75 8.0 )
pH pH @ Heterogeneous selection
c D @ Homogeneous selection
1.00{ R*=0.02.P<0.012 1.004 R2=0.02,P < 0.001
1~ 0.20, P<0.001 R*=0.11,P < 0.00 ® Homogenizing dispersal
R*=0.44,P <0.001 ® R*=022,P<0.0018 48
075] R*<001,P=0.52 ° 075 K <004 P95 o ! i
R*<0.01,P=9095 8 *3¥ 2 ‘k 0.08. PERS7 f *gF gt
F " o8 1,'" | | B | . o 4 '
] S fe.=ga : ol X1
S - R 4 SRR
X 0e ‘ ‘ ’
r - } 1 . . - e e
_ & H B ¢ { 8
s . 0.254
Y '
0.00{ « A _—
030 0.32 034 0.30 0.32 034

TP (g kg soil)

TP (g kg soil)

Fig. 4. Relationship between soil factor and microbial aseembly processes. Linear regression models and associated correlation coefficients are provied in each panel

(A. abundant bacteria, B. rare bacteria, C. abundant fungi, C. rare fungi).

Liang et al., 2020). Therefore, the research of rare taxa should be further
explored in future work.

4.2. Niche breadth and assembly mechanism of abundant and rare
subcommunities

According to the results of the present study, abundant taxa had
broader niche breadths than rare taxa, suggesting abundant taxa had
broader environmental adaptation under the long-term vegetation
restoration (Fig. 2). Similar observations have been made in a soybean
field and in cadmium-contaminated soil obtained from abandoned
farmland (Xu et al., 2021; Zhang et al., 2018). Abundant species occupy
a broader niche, competitively exploit resources, and are highly adap-
tive (Jiao et al., 2017); conversely, rare species with narrower niche
breadths, face intense competition from abundant communities and are
more vulnerable to environmental selection pressures (He et al., 2022;
Wan et al., 2021; Yang et al., 2022).

Furthermore, our results showed that drift governs soil bacterial and
fungal community assembly. Soil TP and pH primarily drove bacterial
and fungi community assembly processes, respectively. The homoge-
neous selection varied with soil pH in abundant bacterial taxa, indi-
cating that soil pH governs homogeneous selection in abundant bacterial
sub-communities (Fig. 4A). Previous studies have suggested that soil pH
mediates the balance between stochastic processes and deterministic
processes along a glacier chronosequence and at the continental scale
(Tripathi et al., 2018; J.M. Wang et al., 2021), highlighting the effect of
soil pH on microbial assembly processes at multiple scales (Luan et al.,
2022). Although extreme pH conditions would exert more stringent
limits on survival and fitness, imposing strong selective pressures, pH
conditions close to neutral lead to phylogenetically less clustered with
more stochasticity (Tripathi et al., 2018). This explains why more

stochasticity occurred in bacterial community assembly processes under
long-term vegetation restoration.

The relative influence of heterogeneous selection (deterministic
processes) was negatively correlated with soil TP both in the rare and
abundant fungal taxa (Fig. 4). However, the relative influence of drift
processes (stochastic processes) increased gradually with an increase in
soil TP content (Fig. 4). The results suggested that soil TP mediates the
balance between stochastic and deterministic processes in fungal sub-
community assembly. Fungi exhibit more sensitive responses to nutrient
availability than bacteria (Ma et al., 2023), which could be explained by
nutrient limitation and differences in microbial energy metabolism (Cui
et al., 2018, 2019). Abundant taxa and rare taxa comprise the total
biodiversity in the ecosystem, and abundant taxa exhibit faster growth
and more active predation than rare taxa (Pedros-Alio, 2006). There-
fore, abundant taxa exhibited broader niche breadth and higher vari-
ance degree in the present study. In a previous study, increasing soil
available nutrient decreased environmental selection pressure, resulting
in the dominance of stochastic processes surpassing that of the deter-
ministic processes (Wang et al., 2013). Furthermore, microbes exploit
available resources and adapt to the environment through stochastic
dispersal (Barberan et al., 2014; Jousset et al., 2017). Available soil
nutrient concentrations might enhance microbial metabolic potential,
and in turn, reduce environmental selection for microbes (Cui et al.,
2019). Therefore, stochastic processes dominated abundant and rare soil
bacterial and fungal assembly in the present study.

4.3. Network centrality of abundant microbial taxa

Unravelling the interactions of microbial taxa (abundant and rare)
could facilitate the understanding of the complex structures of resident
microbial communities, in addition to the ecological principles guiding
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community assembly (Barberan et al., 2012). The network properties
and modularity in the present study were similar to those of diatom
blooms observed in aquatic and wetland ecosystems (Yang et al., 2022;
Zhang et al., 2020). The topology of the network indicates interactions
between microbes, and node degree indicates the number of direct
connections for a specific ASV. The potential impacts of one species on
the networks of other nodes are expressed using the betweenness cen-
trality of a node (Barberan et al., 2012). High betweenness centrality
may indicate that a node occupies the central location in the network,
and strongly influences other interactions (Li et al., 2022; Ma et al.,
2016). For both bacteria and fungi in the present study, the abundant
taxa had betweenness centrality values that were considerably higher
than those of rare taxa, indicating that they were more centrally located
in the network (Fig. 6).

Positive and negative interactions among microbial species are
interpreted as either cooperative or mutualistic relationships, respec-
tively, and either competitive or antagonistic relationships, respectively
(Xue et al., 2018; Xun et al., 2017). The microbial mutualistic re-
lationships exceeded competitive relationships during the long-term
vegetation restoration (Fig. 6). In addition, the rare taxa had more
modules in the network, in the cases of both bacteria and fungi, in the
present study, and rare taxa had higher taxonomic diversity than
abundant taxa. Key modules (bacteria, M2, fungi, M5) also included
more rare taxa at the phylum level. Rare taxa have higher modularity
and mediate more complex species interactions (Montoya et al., 2015;
Olesen et al., 2007). Considering each function is performed by multiple

coexisting and taxonomically distinct species in nature (Louca et al.,
2018), microbial communities with higher diversity have high func-
tional redundancy (Jousset et al., 2017; Pedros-Alio, 2012). The
disconnect between function and diversity could be due to species
replacing each other, interactions, and temporal heterogeneity (i.e.,
competition, predation) (Louca et al., 2018; Montoya et al., 2015).
Despite rare taxa serve as a reservoir of extensive genetic functional
diversity, their narrow ecological niche exposes them to competitive
pressures from other species (Jiao et al., 2017; Kraft and Ackerly, 2010).
Our results suggested that abundant microbes play core role in microbial
interactions under long-term vegetation restoration of Robinia pseudoa-
cacia plantations.

5. Conclusion

The findings suggested that the influence of vegetation restoration on
rare microbial community dissimilarity was less than that in abundant
taxa. Therefore, abundant microbes exhibit higher average variation
degree than rare. Moreover, ecological drift dominated bacterial and
fungal communities. Soil pH mediates bacterial community dissimi-
larity, which did not alter the stochasticity of bacterial community (rare
and abundant taxa). Soil TP mediates balance between drift and het-
erogeneous selection processes. Abundant taxa have broader niche
breadths, and become active under long-term vegetation restoration, so
that they emerge as the major contributors to ecosystem multi-
functionality and play roles in microbial interactions.
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Table 2

The microbial stability analysis. The numbers in the table represent average

variation degree (AVD). High AVD indicates low stability.

Fungi Bacteria

Rare Abundant Rare Abundant
Y15 0.27 £0.01 b 0.61 £ 07 b 0.08 + 0.00 b 16.74 + 0.60 b
Y25 0.28 + 0.03 b 0.65 + 0.06 b 0.09 +0.01 b 17.53 £ 1.15b
Y35 0.27 +£0.01 b 0.63 + 0.05 b 0.08 + 0.00 b 16.99 + 0.83 b
Y45 0.28 £ 0.02 b 0.61 + 0.03 b 0.09 +0.01 b 17.15+1.36 b
CK 0.37 + 0.06a 0.89 + 0.04a 0.11 + 0.02a 22.72 + 3.63a

The values are the mean + SE (n = 6); different letters indicate significantly
differences at the 0.05 level.
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