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Forest succession improves the 
complexity of soil microbial 
interaction and ecological 
stochasticity of community 
assembly: Evidence from Phoebe 
bournei-dominated forests in 
subtropical regions
Gongxiu He , Tieshuang Peng , Yi Guo , Shizhi Wen , Li Ji * and 
Zhong Luo *
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Forest succession is a central ecological topic, due to the importance of the 

associated dynamic processes for terrestrial ecosystems. However, very little is 

currently known about the community assembly and interaction of soil microbial 

communities along forest successional trajectories, particularly regarding 

the microbial community dynamics in contrasting seasons. To bridge these 

knowledge gaps, we studied soil bacterial and fungal community compositions, 

assemblages, and co-occurrence networks in a well-established successional 

gradient of Phoebe bournei-dominated forest, spanning about 65 years of 

forest development in a subtropical region. Illumina MiSeq sequencing of 16S 

and ITS genes was employed for the assessment of soil bacterial and fungal 

community composition and diversity, respectively. The relative abundance 

and α–diversity of soil bacteria and fungi showed a differential trend over forest 

succession. The dominant fungal phyla (Basidiomycota and Ascomycota) 

changed more frequently than the dominant bacterial phyla (Proteobacteria, 

Acidobacteriota, and Actinobacteriota), indicating that soil fungi have a more 

sensitive relationship with forest succession compared with bacteria. The soil 

microbial community variation induced by forest succession was significantly 

affected by soil total phosphorus, dissolved organic carbon content and pH. 

Compared to deterministic processes, stochastic processes mainly dominated 

the community assembly of soil microbial communities. Meanwhile, the 

relative importance of stochasticity in soil fungal communities increased in 

the later stages. In Particular, dispersal limitation and drift accounted for a 

large proportion of bacterial and fungal community assembly, respectively. 

In addition, the co-occurrence networks of soil microbial communities 

became more complex as succession proceeds. Soil bacteria and fungi 

exhibited more competition and cooperation along the forest successional 

gradient. Collectively, our findings suggest that forest succession improves 

the complexity of soil microbial interactions and the ecological stochasticity 

of community assembly in Phoebe bournei-dominated forests, providing 
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key insights into the relationship between microbial communities and forest 

succession.
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forest succession, soil microbial community, community assembly, co-occurrence 
network, Phoebe bournei

Introduction

Forest succession is a critical process in which one forest 
community evolves into another due to natural and/or 
anthropogenic forces (Finegan, 1984; Powers and Marín-Spiotta, 
2017). The natural succession of secondary forests without human 
disturbance is an effective way to improve soil conditions and 
restore degraded environments (Zhang et al., 2016; Zhao et al., 
2019). The quantity and quality of aboveground input during 
forest succession can result in variations in soil microbial diversity 
and community structures (Smith et al., 2015; Shao et al., 2017). 
The heterogeneity of the understory over different successional 
stages can lead to striking differences in soil microbial community 
characteristics and divergent adaptation strategies (Liu et  al., 
2020). Thus, disentangling the microbial community composition 
and diversity in the different stages of forest succession may 
provide significant insights into the driving successional dynamics 
and microbe-driven nutrient cycles (Fierer et al., 2010).

Soil bacteria and fungi, as important components of terrestrial 
ecosystems, are responsible for organic matter decomposition and 
the regulation of nutrient cycling (Prosser et al., 2007; Harris, 
2009; Serna-Chavez et al., 2013; Schimel, 2016). Generally, due to 
their rapid response and high turnover rates, soil microbes can 
provide additional information (e.g., ecosystem restoration, 
nutrient cycling, plant productivity) about forest successional 
trajectory and early indications of ecosystem restoration (Banning 
et al., 2011). Mounting evidence has shown the divergent strategies 
of soil bacterial and fungal communities during forest succession, 
especially the unpredictable patterns in the varied environmental 
conditions (Fierer et al., 2007; Zhou et al., 2017). Sun et al. (2017) 
found that from the early to late stage of forest succession, a shift 
from copiotrophic to oligotrophic communities possibly occurs, 
as C and N substrate availabilities decline while nutrient-poor 
ones (or recalcitrant C components) accumulate. In addition, soil 
fungi are more closely associated with plant communities, and are 
capable of utilizing root exudates and litter more effectively than 
bacteria (Sun et al., 2017; Zhong et al., 2018). Zhou et al. (2017) 
based on a meta-analysis, have revealed that the soil bacterial and 
fungal communities dominate in the early and late stages of forest 
succession, respectively. Specifically, soil bacteria are generally 
characterized by high growth and turnover rates and are 
considered as copiotrophs, whereas fungi are inclined toward 
oligotrophic microbes with slow growth and turnover rates (Fierer 
et al., 2007; Zhou et al., 2017). Although a number of studies have 

reported on how various stages of forest succession induce 
changes in soil microbial communities, very little attention has 
been paid to the seasonal dynamics in the scenario of forest 
succession. Temporal heterogeneity (with respect to, e.g., soil 
nutrients, moisture, and litter input) is an important dimension 
influencing soil microbial diversity and community composition 
(Smith et al., 2015). In order to determine the comprehensive 
mechanism during forest succession (Fierer et al., 2010), an urgent 
understanding of microbial community characteristics across 
seasonal and successional dynamics is needed.

Identifying the relative contribution of deterministic (e.g., 
environmental selection, species interactions, niche 
differentiation) and stochastic (e.g., random birth, death, and 
dispersal events) processes that control the assembly of soil 
microbial communities during forest succession is essential for 
predicting ecosystem responses to environmental changes 
(Nemergut et al., 2013). Deterministic processes underpin the 
roles of biotic and abiotic filtering, which can result in great 
variation in community composition under divergent 
environmental conditions, while stochastic processes emphasize 
the contribution of probabilistic dispersal and ecological drift to 
community composition patterns (Zhou and Ning, 2017). 
Previous studies have extensively confirmed that the community 
assembly of plants during forest succession is influenced by 
patterns of phylogenetic turnover among coexisting species 
(Bruelheide et al., 2011; Whitfeld et al., 2012; Purschke et al., 
2017). In the terms of the soil microbiota, uncovering the 
fundamental processes of microbial community assembly is of 
great significance not only to help predict the succession 
trajectory of community structure, but also to understand the 
causes of species composition in their habitats, as well as the 
restoration of subtropical forests (Graham and Stegen, 2017; 
Zhou and Ning, 2017). Dini-Andreote et  al. (2015) have 
suggested that, during forest succession, the soil microbial 
community is initially governed by stochasticity, with a 
progressive increase in deterministic selection as succession 
proceeds; more importantly, deterministic processes are affected 
by the variation in the environment-induced soil organic matter 
contents. In contrast, in a recent study, Liu et al. (2021) have 
demonstrated that deterministic processes dominate the 
composition of the soil microbial community in the early stages, 
while stochasticity increasingly plays a pivotal role in late stages 
during secondary succession in subtropical forests. Although 
accumulating research has reported the simultaneous processes 
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of determinism and stochasticity in microbial community 
assembly (Chase and Myers, 2011; Ferrenberg et al., 2013; Stegen 
et  al., 2013), it is essential to integrate both processes and 
decipher their relative importance across different forest 
successional stages and seasons.

Phoebe bournei is a protected and valuable evergreen tree 
species distributed in Chinese subtropical regions (Wang et al., 
2013, 2021). The successful mixed planting of P. bournei with 
Cunninghamia lanceolata is a useful afforestation strategy to 
improve soil degradation and forest productivity (Ding et  al., 
2022). Due to their high-quality wood properties, economic 
commodity, and ecological benefit, P. bournei trees have suffered 
from over-harvesting and illegal logging, resulting in population 
declines. The naturally distributed P. bournei forests at 
Mingyueshan farm comprise a well-documented site representing 
approximately 65 years of forest succession, providing a unique 
landscape in which to explore soil microbial community 
characteristics during forest succession in a subtropical region 
(Wang et al., 2021). Our previous study has revealed that soil P and 
N contents become limited as forest succession progresses (Wang 
et al., 2021). In the present study, we set out to investigate the soil 
bacterial and fungal diversity, community composition, and 
community assembly along a forest successional trajectory in the 
dry and wet seasons in Chinese subtropical regions. 
We hypothesized that: 1) as a result of the distinct life history of soil 
bacteria and fungi during long-term forest development (Fierer 
et al., 2007; Zhou et al., 2017), the forest successional trajectory will 
have more profound effects on the soil microbial community than 
season, where soil fungi exhibit a more sensitive association with 
forest succession compared with bacteria; 2) forest succession and 
season will simultaneously change the ecological processes of 
community assembly of both soil bacteria and fungi, where 
deterministic and stochastic processes have an obvious shift along 
with the dwelling environment (Dini-Andreote et al., 2015); and 
3) based on our previous report regarding increasing soil N and P 
limitation with forest succession in P. bournei-dominated forests 
(Wang et  al., 2021), more complex soil microbial community 
networks will be found in the late stage of forest succession.

Materials and methods

Site description and experimental design

The experiments were conducted at Mingyueshan state-owned 
forest farm, Anfu County, Jiangxi Province (27°33′14” N, 114°30′20′′ 
E). The mean annual precipitation is 1,553 mm and the mean annual 
temperature is 17.7°C. This region has a typical subtropical monsoon 
climate, with distinct wet and dry seasons. The dry season is from 
October to February, and the wet season is from March to September. 
The geomorphology is mainly composed of sandstone, shale, and 
carbonaceous slate. The soil type in this study area is acrisol.

The sites located at the Mingyueshan farm are dominated by 
P. bournei forests, including P. bournei monocultures and natural or 

semi-natural forests. The P. bournei monocultures were established 
in 2003, and the stand age is 15 years old. The semi-natural 
P. bournei-dominated forests were primarily generated from the 
monoculture plantations without any anthropogenic management. 
There are three representing ages of the semi-natural P. bournei 
forests (i.e., 25–35, 35–45, and 45–65 years old), which were 
identified as being in the early, middle, and late stages of P. bournei 
forest succession, respectively. We selected four typical stages of 
P. bournei forests succession as the subject of this study: a) the initial 
stage of succession (15 years, S1), in a typical P. bournei monoculture 
plantation with density of 92.9%, with Photinia vulgaris and 
Elaeocarpus decipiens as the subdominant species; b) the early stage 
of forest succession (25–35 years, S2), with density of P. bournei of 
71.8%, subdominated by Schima superba and Cunninghamia 
lanceolata; c) the middle stage of forest succession (35–45 years, S3), 
with density of P. bournei of 65.30%, followed by Quercus glauca and 
Magnolia liliflora; and d) the latter stage of succession (45–65 years, 
S4), having density of P. bournei of 58.6%, with the forest mainly 
composed of Elaeocarpus decipiens, Cunninghamia lanceolata, 
Quercus glauca, and Magnolia liliflora. For more detailed 
information, we refer the readers to the study of Wang et al. (2021).

Experimental design and soil sampling

In April 2018, the abovementioned four successional stages of 
the P. bournei-dominated forests were chosen for the current study; 
namely initial (S1), early (S2), middle (S3), and late stages (S4) 
(monocultures, 15 years old; semi-natural forests, 25–35, 35–45, 
and 45–65 years old, respectively). For each successional stage, 
three independent representative plots (25× 25 m) with basically 
similar site conditions were randomly selected. The distance 
between stages ranged from greater than 300 m to less than 5 km, 
and the greatest distance between two plots within a stage was less 
than 120 m. Collectively, a total of 12 sites (four successional stages 
× three replicate sites) were included in our study area. In April and 
October 2018 (wet season and dry season, respectively), eight soil 
samples were collected within each plot by scraping an “S” shape 
from the top  10 cm of soil using a stainless steel corer (5 cm 
diameter) after removing the surface litter. These samples were then 
mixed as one composite sample for each replicate plot. Each soil 
sample was immediately passed through a 2 mm sterilized sieve, 
and the visible plant roots, stones, and debris were removed. Each 
composite soil sample was divided into two subsamples and placed 
in sterile bags to be processed and used for the following analyses: 
1) stored at 4°C for the measurement of soil physicochemical 
properties; 2) stored at −80°C for DNA extraction of soil microbes.

Soil physicochemical properties 
measurement

After shaking a soil–water (1, 5 w/v) suspension for 30 min, 
the soil pH was measured using a pH meter (PHS-3C, Leici, 
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China). Soil organic carbon (C) content was measured by UV 
spectrophotometry based on the hydration heat potassium 
dichromate-sulfuric acid-colorimetry. Soil total nitrogen (N) was 
measured using an automatic discontinuous chemical analyzer. 
The total phosphorus (P) content in soils was determined 
colorimetrically using a UV spectrophotometer (TU-1901, Puxi 
Ltd., Beijing, China) after wet digestion with HClO4-H2SO4. The 
soil dissolved organic carbon (DOC), nitrogen (DON), and 
phosphorus (DOP) contents were extracted with K2SO4 solution 
and were measured according to the method described in Wang 
et al. (2021). The soil nitrate (NO3

−–N) and ammonium (NH4
+–N) 

contents were determined using a continuous flow analytical 
system (AA3, Seal Co., Germany).

DNA extraction, PCR amplification, and 
illumina sequencing

Soil microbial genomic DNA was extracted from 
approximately 1 g (wet weight) of soil using a MoBio PowerSoil 
DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, 
United States) following the manufacturer’s instructions. After the 
soil sample DNA was extracted, the extracted genomic DNA was 
detected by 1% agarose gel electrophoresis. The fungal universal 
ITS1 region was amplified with the primers ITS1-F 
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 
(5′-TGCGTTCTTCATCGATGC-3′) (Zheng et  al., 2015). The 
bacterial universal V3-V4 region of the 16S rRNA gene was 
amplified with the primers 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′ 
-GGACTACHVGGGTWTCTAAT-3′) (Ji et al., 2022a). The PCR 
volumes were 50 μl, containing 30 ng template DNA, 0.3 μl DNA 
polymerase (Takara Biotechnology, Dalian, CO., LTD), 2 μl of 
10 μM of each primer, 5 μl 10× Pyrobest Buffer, and 4 μl 2.50 mM 
dNTP. PCR amplification was carried out using the following 
protocol: 95°C for 5 min, followed by 35 cycles (for fungal ITS1 
region) or 28 cycles (for bacterial V3-V4 region) at 95°C for 45 s, 
annealing at 55°C for 50 s, 72°C for 45 s, and a final extension at 
72°C for 10 min.

Three PCR products per sample were pooled, purified, and 
quantified by real-time PCR. Parallel-tagged sequencing was 
performed on an Illumina MiSeq platform according to standard 
protocols. Specifically, split reads were merged using FLASH 
V1.2.11 (Magoč and Salzberg, 2011; Bolger et al., 2014) and sorted 
into each sample according to the unique barcodes using the 
QIIME (V1.7.0) software (Wang et al., 2007). The raw data were 
first screened, and sequences were removed by considering 
whether their quality scores <20 contained ambiguous bases or 
did not exactly match the primer sequences and barcode tags. Raw 
tags with less than 200 bp were removed using the Mothur 
(V1.37.0) software (Schloss et al., 2009). Chimeras were removed 
with USEARCH (V8.1.1861), according to the Gold and UNITE 
reference databases. The taxonomic assignment of 16S rRNA and 
ITS sequences was determined based on the bacterial SILVA 

(v138) reference database and fungal UNITE (v7.2) reference 
database using the RDP Classifier. The high-quality sequences 
were clustered into operational taxonomic units (OTUs) at a 
threshold of 97% similarity using the UPARSE pipeline (Ji et al., 
2022a). Singletons that occurred only once in the entire dataset 
were removed from subsequent analyses, in order to reduce 
overprediction of rare OTUs. The representative OTU sequences 
were aligned and annotated using the Ribosomal Database Project 
(RDP) classifier (V14). Both soil bacterial and fungal datasets were 
rarefied with smallest values before data analysis. Alpha diversities, 
such as the observed species and Shannon diversity index were 
analyzed using QIIME (V1.7.0) (Ji et  al., 2022a). The raw 
sequences data was deposited in National Center for 
Biotechnology Information (NCBI) with Sequence Read Archive 
(SRA) database under BioProject ID: PRJNA870323 (bacteria) 
and PRJNA870328 (fungi).

Statistical analysis

All data were tested for normality (Kolmogorov–Smirnov test) 
before statistical analysis. Two-way analysis of variance (ANOVA) 
was used to explore the effects of renewal stages and seasons on 
soil microbial diversity and composition, using the SPSS software 
(IBM SPSS Statistics, Chicago, IL, United States). Tukey’s honestly 
significant difference test was conducted to test differences among 
different successional stages at p < 0.05, whereas a T-test was 
performed to assess the significance of differences between 
contrasting seasons. Using the ‘vegan’ package in R software 
(v4.0.5), the nonmetric multidimensional scaling (NMDS) 
ordinations based on Bray–Curtis distance matrices was employed 
to analyzed soil bacterial and fungal community compositions. 
Using the ‘adonis’ function of the ‘vegan’ package (999 
permutations), permutation multivariate analysis of variance 
(PERMANOVA) was conducted to test for statistically significant 
differences in the community compositions by forest succession 
and season. The partial Mantel test with 999 permutations was 
performed to assess the main drivers that were significantly 
correlated with the soil bacterial and fungal communities based 
on Spearman’s correlation (p < 0.05) using the “vegan” package.

The phylogenetic normalized stochasticity ratio (pNST) was 
used to quantify the relative importance of deterministic and 
stochastic processes in community assembly. The beta nearest 
taxon indices (βNTI) and Raup-Crick (RCbray) null model based 
on Bray–Curtis dissimilarity were further used to quantify 
dispersal-based stochastic ecological processes generating the 
turnover of community composition. For detailed descriptions of 
the method used, we  refer the reader to the study of Ji et  al. 
(2022b). All parameters mentioned above were calculated using 
the ‘iCAMP’ package in R, with the code provided by Ning et al. 
(2020).1

1 https://github.com/DaliangNing/iCAMP1
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Co-occurrence networks for the different forest successional 
stages and seasons were constructed using the molecular 
ecological network analysis pipeline2. We used the Spearman rank 
correlation to establish co-occurrence networks for the soil 
bacterial and fungal communities. Then, the same network size 
and average number of links were employed to generate 100 
corresponding random networks. A Z-test was performed to test 
for differences between the empirical network and the random 
networks. The visualization of soil bacterial and fungal networks 
was generated by Gephi 0.9.2. For detailed descriptions of the used 
method, we refer the reader to the studies of Ji et al. (2021, 2022a).

Results

Soil physical and chemical properties

Forest succession and season had a significant effect on the soil 
total P, DOC, DOP, pH and NH4

+-N contents (p < 0.05; Table 1). In 
the wet season, soil C and DOC contents were higher in the late 
stage (S4) than in the other three stages. Soil NH4

+–N and NO3
−–N 

contents in the late stage (S4) in the wet season were 190.9 and 
117.0% higher than in the initial stage (S1), respectively (p < 0.05, 
Table 1). In the dry season, soil P, DON, and NH4

+–N contents 
significantly varied with the forest development, but forest 
succession had no significant effect on the variation of C, N, DOC 
and DON contents (Table 1). Compared with the wet season, soil 
DOC content and pH value were strikingly increased in the dry 
season across the four forest successional stages (p < 0.05; Table 1).

General descriptions of sequencing 
information

After bioinformatic filtering and quality control, 393,260,760 
high-quality soil bacterial and 571,964,763 fungal sequences were 
generated by Illumina MiSeq sequencing across all soil samples. 
For both bacteria and fungi, the average read lengths were 432 bp 
and 238 bp, with >99% Good’s coverage for the 16S and ITS gene 
regions. The rarefaction curves of bacterial and fungal genes 
approached saturation at 97% sequence similarity, which 
suggested that the sequencing depth was adequate for evaluating 
the soil bacterial and fungal structure and diversity across all 
samples (Supplementary Figure S1).

Relative abundance and taxonomic 
composition of soil bacteria and fungi

The 4,187 OTUs were distributed across 31 phyla, 101 classes, 
and 606 genera. Across all soil samples, the bacterial community 

2 http://ieg4.rccc.ou.edu/mena/

was dominated by Proteobacteria (34.8%), Acidobacteriota 
(26.2%), and Actinobacteriota (12.8%) at the phylum level 
(Figure 1A). The relative abundance of Actinobacteriota in forest 
successional stage S4 (D4 and W4) was 62.4% higher than that in 
forest successional stage S1 (D1 and W1). The relative abundance 
of Proteobacteria and Actinobacteriota significantly increased in 
the dry season, while the relative abundance of Acidobacteriot 
and Chloroflexi showed a higher value in the wet season 
(Figure 1A). In addition, Alphaproteobacteria, Acidobacteriae 
and Actinobacteria were the dominant classes, with relative 
abundances of 28.6, 23.5 and 8.0%, respectively (Figure  1B). 
Forest succession and season had a significant effect on the 
relative abundances of Acidobacteriae and Actinobacteria 
(Figure 1B).

For soil fungi, a total of 4,773 OTUs were identified, 
distributed among 14 phyla, 42 classes and 558 genera. At the 
phylum level, the fungal community was dominated by 
Basidiomycota and Ascomycota, with relative abundances of 42.0 
and 35.0%, respectively (Figure 1C). Higher relative abundances 
of Ascomycota and Mortierellomycota were observed in 
successional stages S1 and S3, whereas lower values were found 
in successional stages S2 and S4 (Figure 1C). The dominant fungi 
at the class level were Agaricomycetes (32.9%) and 
Sordariomycetes (16.0%) across all soil samples. Forest succession 
and season both had a significant effect on the relative abundances 
of Sordariomycetes and Mortierellomycetes (Figure 1D).

Soil bacterial and fungal diversity in 
different natural regeneration stages and 
seasons

Forest succession had a significant effect on soil bacterial and 
fungal α–diversity (Figures  2A–F). The number of observed 
OTUs, as well as Shannon and Chao 1 indices of soil bacteria 
significantly increased from successional stage S1 to S4 
(Figures 2A–C), while the α–diversity of soil fungi showed an 
S-shaped trend (Figures 2D–F). Notably, in the successional stage 
S2, the observed number of OTUs and Chao 1 index of bacteria 
and fungi showed a significant decrease in the wet season, 
compared with those in the dry season (p < 0.05; 
Figures 2A,C,D,F).

Nonmetric multidimensional scaling (NMDS) analysis was 
conducted to visualize the differences in soil microbial community 
composition among different groups (Figure 3). The bacterial and 
fungal community compositions significantly varied among 
different stages of forest succession and seasons, and there was a 
similar pattern for bacterial and fungal communities across all soil 
samples. Additionally, permutation-based multivariate analysis of 
variance (PERMANOVA) demonstrated an obvious separation for 
both bacterial and fungal community compositions (Figures 3A,B). 
Notably, forest succession had a stronger effect on soil microbial 
community compositions than season (bacteria, R2

stage = 0.369, 
R2

season = 0.261; fungi, R2
stage = 0.175, R2

season = 0.118; Figures 3A,B).
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Ecological processes of soil bacterial and 
fungal community

Based on the taxonomic and phylogenetic metrics, the 
phylogenetic normalized stochasticity ratio (pNST) was 
calculated, in order to assess the ecological processes associated to 
bacterial and fungal community assembly (Figures 4, 5). Season 
had a significant effect on the bacterial and fungal community 
assembly, while forest succession only affected the variation of soil 
fungal pNST value (Figures 4B,D,C). Meanwhile, the ecological 
processes of both bacteria and fungi were primarily dominated by 
stochasticity (Figure 5). In stage S4, a high proportion of drift and 
dispersal limitations were observed for soil bacterial and fungal 
communities (Figures  5A–D). In addition, the community 
assembly of bacteria and fungi exhibited a contrasting pattern in 
dry and wet seasons; that is, increasing and decreasing variable 
selection in the dry season, respectively (Figures 5B,D).

Main driving factors of soil microbial 
community composition

Soil total P, DOC, DOP and pH were significantly correlated 
with the soil bacterial and fungal community compositions across 
all seasons (Figure  6A). In the wet season, the soil bacterial 
community was affected by soil carbon-related variables (C and 
DOC) and pH, whereas the fungal community changed with the 
variations in soil total C, N, and DOP contents (Figure  6B). 
Notably, there were no significant relationships between soil 
bacterial communities and soil factors (excluding soil pH) in the 
dry season (Figure 6C).

Co-occurrence networks of soil bacterial 
and fungal communities during forest 
successions

Molecular ecological networks for soil bacteria and fungi were 
constructed, in order to explore the effect of forest succession on 
the microbial interactions in both seasons (Figure  7, 
Supplementary Figure S2). Forest succession and season both had 
obvious effects on the topological properties of bacterial and 
fungal networks (Tables 2, 3). The average degree of soil microbial 
network showed a decrease in the early stage and increase in the 
middle and late stages of forest succession, suggesting that more 
complex networks of both bacteria and fungi are induced by forest 
succession (Tables 2, 3). Additionally, we observed an increasing 
proportion of negative links and positive links in soil bacterial and 
fungal networks with progressive forest succession, respectively, 
which indicated more competition and mutualism in the late 
stages (Figures 7A,B; Tables 2, 3). However, we also observed a 
slight increase in the proportion of negative links in soil microbial 
networks in the dry season as compared with the wet season 
(Supplementary Figure S2). The number of bacterial and fungal T
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keystones was higher in the dry season than in the wet season 
(Supplementary Figure S3; Supplementary Tables S1, S2).

Discussion

Effect of forest succession on soil 
microbial communities is more 
pronounced than the effect of season

Our results supported the first hypothesis that soil fungi 
exhibit a more sensitive association with forest succession 
compared with bacteria. The dominant fungal phyla changed 
more frequently than the dominant bacterial phyla, and there 
was an obvious shift in soil fungal taxa and their relative 
abundance along the forest successional gradient (Figure  1). 
Generally, due to the high growth and turnover rates, soil 
bacteria dominated at the early stage of forest development, 
while soil fungi, with a low turnover rate, tend to predominate 
in the late stages (Fierer et  al., 2007; Zhou et  al., 2017). 
Additionally, plant species-specific effects were considered to 
have a greater impact on the fungal community (Hannula et al., 

2019). Soil bacteria tend to present much greater species richness 
than fungi in the same habitat; therefore, the bacteria are likely 
to be better adapted to non-extreme perturbations due to their 
high diversity (He et  al., 2017). Previous studies have 
demonstrated that Proteobacteria and Acidobacteriota include 
fast-growing copiotrophs and slow-growing oligotrophs, 
respectively, and Proteobacteria are inclined to carbon-rich 
conditions (Fierer et al., 2007; Zechmeister-Boltenstern et al., 
2015). In our study, the relative abundance of Proteobacteria and 
Acidobacteriota increased and decreased with forest successional 
series, respectively (Figure  1A), which is consistent with the 
results of Ren et al. (2019). A potential explanation is that the 
growth of Proteobacteria and Acidobacteriota may be related to 
the increasing soil organic carbon content and limitation of 
nutrients with forest succession. Our previous study confirmed 
that P. bournei-dominated forests became progressive limited in 
soil N and P contents from the initial stage to late stage of forest 
succession (Wang et al., 2021). In addition, we observed that the 
relative abundances of Proteobacteria, Actinobacteriota, 
Acidobacteriota, and Chloroflexota significantly varied between 
dry and wet seasons. Seasonal fluctuation of different phyla is 
related to carbon substrate supply due to root exudation and 

A B

C D

FIGURE 1

Relative abundances of dominant soil bacterial and fungal phyla (A,C) and classes (B,D) in different stages of forest succession and seasons. D1, 
D2, D3 and D4 represent the initial, early, middle, late stages of forest succession in dry season, while W1, W2, W3 and W4 denote the initial, early, 
middle, late stages of forest succession in wet season. Red and blue circles indicate the significant differences among different stages of forest 
succession and seasons, respectively.
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plant litter among seasons (Lipson, 2007; Kuffner et al., 2012). 
As a proxy for other variables along environmental gradients, 
soil pH influences microbial growth and metabolism (Malik 
et  al., 2017). Dissolved organic substrates (DOC, DON and 
DOP) and soil pH exhibited an obvious variation over time in 

our study, and presented a strong association with bacterial 
community in the wet season (Figure 6B), further supporting 
our findings. Meanwhile, the relative abundance of 
Basidiomycota increased with forest succession (Figure  1C), 
which is in line with the results reported by Liu et al. (2020). 

A B C

D E F

FIGURE 2

Observed number of OTUs, Shannon and Chao 1 indices of bacterial (A–C) and fungal (D–F) community in different stages of forest succession 
and seasons. (A,D), observed number of OTUs; (B,E), Shannon index; (C,F), Chao 1 index. S1, S2, S3, and S4 represent the initial, early, middle, late 
stages of forest succession, respectively. Different lowercase letters indicate significant differences according to the Tukey’s HSD test at different 
forest successional stages in the same season (p < 0.05). Symbols indicate significant differences according to the Student’s T test between different 
seasons at same successional stage. ns, not significant; *, p < 0.05.

A B

FIGURE 3

Nonmetric multidimensional scaling ordinations of the Bray–Curtis dissimilarity matrices of bacterial (A) and fungal (B) communities. S1, initial 
stage; S2, early stage; S3, middle stage; S4, late stage. Numbers after “Stage” and “Season” are R2, representing the variation in bacterial and fungal 
community composition that can be explained by forest succession or season, detected using PERMANOVA. ** and *** denote the significant 
level at p < 0.01 and p < 0.001, respectively.
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Although the vegetation composition was not surveyed in the 
present study, there is a consensus that soil fungal community is 
closely associated with plant community attributes along the 
progression of succession (Blaalid et  al., 2012; Zechmeister-
Boltenstern et al., 2015).

In addition, both bacterial and fungal beta diversity were 
detected to have massive shifts in community compositions along 
a forest successional trajectory. Compared with the season, the 
forest successional stage had a stronger effect on soil microbial 
community composition (Figure 3), which can be ascribed to the 
variation in soil pH and soil dissolved nutrients (Cline and Zak, 
2015). Recent studies have revealed that fast-changing 
environmental factors (e.g., dissolved organic nutrients) influence 

the seasonal variation of soil microbial communities, whereas 
slow-changing soil properties (e.g., pH and soil total elements) 
played important roles over large spatial scales or longer periods 
(Zhang et al., 2020; Ji et al., 2021). In the current study, the partial 
Mantel test showed that soil pH significantly affected the soil 
bacterial and fungal communities in both dry and wet seasons, 
while soil dissolved organic nutrients only affected the 
composition of soil microbes in the wet season (Figure 6). Soil 
pH is a critical factor that affects the structure of soil bacterial and 
fungal communities (Fierer and Jackson, 2006). As succession 
proceeds, increasing soil pH resulted in greater OTU richness, 
while deviations in soil pH may impose stress on single-celled 
organisms and limit the survival of taxa outside of their optimal 

A B

C D

FIGURE 4

The ecological stochasticity in the potentially bacterial (A,B) and fungal (C,D) community assembly estimated by the phylogenetic normalized 
stochasticity ratio (pNST). (A), ecological stochasticity of soil bacteria among different stages of forest succession; (B), ecological stochasticity of 
soil bacteria between different seasons. (C), ecological stochasticity of soil fungi among different stages of forest succession; (D), ecological 
stochasticity of soil fungi between different seasons. The value of 0.5 as the boundary point between more deterministic (<0.5) and more 
stochastic (>0.5) assembly. S1, initial stage; S2, early stage; S3, middle stage; S4, late stage. Different lowercase letters indicate significant 
differences in different stages of forest succession (or different season) (p < 0.05). Differences between dry and wet seasons were examined using a 
Student’s T-test. Differences among different stages of forest succession were examined using the Tukey’s HSD test.
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pH range (Fierer and Jackson, 2006). Nonetheless, caution should 
be taken when interpreting our results, as only two sampling time 
points were included in this study. Collectively, our results 
provide solid empirical evidence that forest succession has a 
stronger effect on soil microbial community composition 
than season.

Contrasting response of soil bacterial 
and fungal community assembly 
processes to forest succession and 
season

Accumulating evidence has demonstrated that the soil 
microbial community is primarily shaped by niches v.s. neutral 
processes (Stegen et  al., 2015; Zhou and Ning, 2017; Ji et  al., 

2022b). In addition to determinism (e.g., environmental selection 
and filtering), stochastic processes are considered as another 
primary force governing soil microbial community assembly in 
forest ecosystems (Stegen et  al., 2015). In the present study, 
we  observed an increased relative contribution of stochastic 
processes in soil fungal community across the forest successional 
gradient, whereas soil bacterial community did not present such 
a response (Figure 5). This finding supports our second prediction: 
that soil bacterial community assemblages respond differently to 
forest succession, compared to the fungi community assemblages. 
Dini-Andreote et  al. (2014) have revealed that, as succession 
proceeds, phylogenetic turnover of soil bacteria is reduced as a 
result of the increased soil buffer effect, more prominent plant 
communities, and decreased variation in amplitudes. Thus, our 
findings imply that the soil bacteria may reach a relatively stable 
and modest status in the late stage of forest succession, and the 

A B

C D

FIGURE 5

The relative contributions (%) of the community assembly processes in shaping soil bacterial (A,B) and fungal (C,D) communities in different stages 
of forest succession and seasons. HS, homogeneous selection; VS, variable selection; HD, homogenizing dispersal; UP, undominated process; DL, 
dispersal limitation. S1, initial stage; S2, early stage; S3, middle stage; S4, late stage.
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bacterial species tend to interact more with each other (or among 
kingdoms) than they do with the local environments (Liu et al., 
2020). Our prior study provided evidence of soil N and P 
limitation in the late succession stage of P. bournei-dominated 
forests (Wang et al., 2021). At the late climax of forest succession, 
poor substrate quality (e.g., low N availability) is generally 
associated with aggressive fungal colonization, as well as enzyme 
activities that decelerate the decomposition of litter (Waring et al., 
2016). Previous studies have reported that drift is more prevalent 
when populations are small and/or diversity is lower (Chase and 
Myers, 2011). Limited nutrient availability may induced the low 
diversity of soil fungi, which can provide a potential explanation 
for the observed increase in stochasticity of fungal community 
assembly with forest succession.

The patterns of community assembly in seasonal variability 
between soil bacteria and fungi were also markedly different, with 
increased proportion of determinism and stochasticity for 
bacteria and fungi from the wet to dry season, respectively 

(Figure 5), which could be attributed to seasonal variations in 
litter inputs and microclimate conditions. Several recent analyses 
have proven that the proportion of deterministic processes likely 
increases with plant richness, due to the positive feedback in soil 
microbes and between plants and microbes caused by high plant 
richness and available resources (Ning et  al., 2020; Liu et  al., 
2021). There is a general consensus that plant community changes 
are significant for fungal communities, but less relevant for 
bacterial communities during forest succession (Williams et al., 
2013; Cutler et al., 2014). These results may partly explain the 
higher proportion of variable selection in soil fungal community 
assembly than in soil bacteria. Moreover, soil bacteria turnover 
times have been generally estimated to be 10-fold faster than 
fungi (Bååth, 1998); thus, a higher proportion of dispersal 
limitation can be  observed in the soil bacterial community. 
Consequently, the presented results provide evidence that there 
is an obvious shift in relative contribution of community assembly 
of soil bacteria and fungi with forest succession.

A

C

B

FIGURE 6

Total and dissolved organic drivers of the soil bacterial and fungal community compositions. (A) all seasons; (B) wet season; (C) dry season. Soil 
microbial community composition was correlated to soil variables by partial Mantel tests based on the Bray–Curtis distance. Pairwise comparisons 
of total and dissolved organic parameters are shown at the upper-right, with a color gradient representing Spearman’s correlation coefficients. 
The edge width represents the partial Mantel’s r statistic for the corresponding correlation, and edge color denotes that significance are tested 
based on 999 permutations. NO3, nitrate nitrogen; NH4, ammonium nitrogen; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; 
DOP, dissolved organic phosphorus.
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Complexity of soil microbial networks 
increased with forest succession

As stated in our third hypothesis, increasing co-occurrence 
network complexity of soil bacteria and fungi was observed 
along with increasing forest development, with higher 
connectivity in the latter stages of succession (Figure 7). This 
result is consistent with that of Sun et al. (2017), implicating 
stronger coupling associations between microbes in mediating 
soil carbon and nitrogen cycles in the late stage of forest 
succession. As described previously, the secondary succession 
of forests promotes the formation of dense root systems and 
increases nutrient release rates, which stimulates soil fungal 
activity, resulting in a more complex fungal community 
structure and enhanced environmental resilience (Liang et al., 
2017; Hu et  al., 2022). Previous studies have found that 
microbial networks with high modularity, and less but larger 
modular communities tend to be more stable (Chen et al., 2022; 
Liu et al., 2022). In our study, the high modularity of bacterial 

and fungal networks was simultaneously observed in the initial 
stage of forest succession, indicating that the microbial 
communities became more volatile with forest succession 
(Tables 2, 3). More interestingly, in addition to increased 
network complexity, the soil bacteria and fungi exhibited 
contrasting strategies; that is, more competition and 
cooperation, respectively, along the forest successional gradient 
(Tables 2, 3). Generally, positive interactions reflect cooperation 
and niche differentiation among species in the networks, 
whereas negative interactions indicate competition and niche 
overlap among species (Ghoul and Mitri, 2016). These results 
were probably due to the latter forest successional stage being 
composed of various tree species, which provided diverse 
substrates for soil fungi and resulted in a greater mutualism in 
participating organic matter decomposition, nutrient 
circulation, and complex networks. Despite the improved 
metabolic efficiency induced by increased cooperation within 
communities, this can also compromise ecological stability 
(Coyte et al., 2015; Hernandez et al., 2021). On the other hand, 

A

B

FIGURE 7

Modular networks of soil bacteria (A) and fungi (B) during different forest successions. Node colors represent different modules. The connections 
denote a strong (Spearman’s ρ > 0.6) and significant (p < 0.01) correlations. S1, initial stage; S2, early stage; S3, middle stage; S4, late stage.
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as succession proceeds, soil C and N substrate availabilities 
usually increase and the late stage of forest succession is 
characterized by nutrient-rich conditions (Waring et al., 2016), 
which may enhance competition among bacterial species. As 
succession proceeds, the greater amount of nutrients will 
stimulate bacteria growth, resulting in more competition for 

nutrients (Zhao et al., 2016). Moreover, it is generally considered 
that soil fungi dominate the microbial community at the later 
stage of forest succession, which will compete for soil resources 
with bacteria (Fierer et al., 2007; Zhou et al., 2017).

Further, habitat conversion can reshape the distinct key 
taxa within these co-occurrence networks, resulting in 

TABLE 2 Topological properties of the taxonomic network in soil bacteria.

Network Topological 
properties

Forest successional stages Seasons

S1 S2 S3 S4 Wet Dry

Empirical 

network

Number of nodes 1,457 1,086 1,292 767 706 671

Number of links 3,501 1770 2,279 2,950 1955 2093

R2 of power-law 0.73 0.813 0.803 0.787 0.912 0.879

Number of positive 

correlations

2,890 (82.5%) 1,346 (76.0%) 1794 (78.7%) 1,149 (38.9%) 1903 (97.3%) 1,680 (80.6%)

Number of negative 

correlations

611 (17.5%) 424 (24.0%) 485 (21.3%) 1801 (61.1%) 52 (2.7%) 407 (19.4%)

Average degree 

(avgK)

4.806 3.26 3.528 7.692 5.538 6.238

Average clustering 

coefficient (avgCC)

0.628 0.589 0.58 0.258 0.299 0.199

Average path distance 

(GD)

8.166 8.373 6.774 8.785 9.307 4.746

Modularity 0.955 0.958 0.963 0.74 0.762 0.485

Random network avgCC±SD 0.009 ± 0.002 0.005 ± 0.002 0.005 ± 0.002 0.030 ± 0.003 0.025 ± 0.003 0.050 ± 0.005

GD ± SD 4.347 ± 0.021 5.379 ± 0.044 5.178 ± 0.033 3.421 ± 0.018 3.746 ± 0.030 3.492 ± 0.028

Modularity±SD 0.450 ± 0.004 0.603 ± 0.004 0.569 ± 0.004 0.311 ± 0.004 0.392 ± 0.004 0.344 ± 0.004

S1, initial stage; S2, early stage; S3, middle stage; S4, late stage.

TABLE 3 Topological properties of the taxonomic network in soil fungi.

Network Topological 
properties

Forest successional stages Seasons

S1 S2 S3 S4 Wet Dry

Empirical 

network

Number of nodes 596 496 689 507 287 344

Number of links 2,079 1,557 2,365 2,152 482 663

R2 of power-law 0.654 0.645 0.735 0.624 0.919 0.926

Number of positive 

correlations

1,210 (58.2%) 1,020 (65.5%) 1,320 (55.8%) 1,544 (71.7%) 371 (77.0%) 479 (72.2%)

Number of negative 

correlations

869 (41.8%) 537 (34.5%) 1,045 (44.2%) 608 (28.3%) 111 (23.0%) 184 (27.8%)

Average degree (avgK) 6.977 6.278 6.865 8.489 3.359 3.855

Average clustering 

coefficient (avgCC)

0.48 0.523 0.486 0.562 0.151 0.188

Average path distance 

(GD)

6.634 6.434 6.3 7.087 5.669 4.657

Modularity 0.789 0.753 0.756 0.734 0.658 0.648

Random network avgCC ± SD 0.022 ± 0.003 0.034 ± 0.005 0.026 ± 0.003 0.062 ± 0.005 0.023 ± 0.006 0.024 ± 0.006

GD ± SD 3.493 ± 0.020 3.477 ± 0.031 3.518 ± 0.022 3.137 ± 0.022 4.109 ± 0.073 3.978 ± 0.052

Modularity ± SD 0.342 ± 0.004 0.359 ± 0.004 0.344 ± 0.004 0.285 ± 0.004 0.550 ± 0.007 0.505 ± 0.007

S1, initial stage; S2, early stage; S3, middle stage; S4, late stage.
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changes in their interactions (Ji et  al., 2021). Additionally, 
network complexity and stability can lead to a similar trend in 
keystone taxa numbers, suggesting that more keystone taxa 
constitute a more stable network (Chen et  al., 2022). 
Compared with the wet season, more bacterial (8 module 
hubs, 17 connectors) and fungal (8 module hubs, 15 
connectors) taxa were found in the dry season 
(Supplementary Figure S2), including Xanthobacteraceae, 
Bryobacter and Mortierella, among others. It is well-known 
that Xanthobacteraceae are potentially involved in nitrogen 
fixation (Oren, 2014), and Mortierella are soil saprophytes that 
feed on soil organic matter and usually form ectomycorrhizae 
with plants (Hu et al., 2022). In addition, some Mortierella 
members dissolve inorganic phosphorus effectively in the soil 
and secrete oxalic acid (Osorio and Habte, 2001), which assists 
plants and mycorrhizal fungi in absorbing phosphorus. The 
genus Bryobacter accommodates acidotolerant, strictly 
aerobic, and slow-growing chemo-organotrophic bacteria 
(Kulichevskaya et  al., 2010). Taken together, our results 
confirm that forest succession leads to an obvious disruption 
of bacterial and fungal networks, generating contrasting 
network features between soil bacterial and 
fungal communities.

Conclusion

The intact secondary succession in P. bournei-dominated 
forests in the subtropical region provides a unique dynamic 
landscape for the investigation of patterns in microbial 
community succession. The results presented in this paper 
highlight the numerous ways in which the different properties 
of soil bacteria and fungi can influence their variability during 
forest succession both in dry and wet seasons. First, our results 
demonstrated that soil fungi were more sensitive than bacteria 
along the successional gradient, especially in the aspects of 
community composition and assembly. More specifically, soil 
bacterial and fungal communities were primarily dominated 
by dispersal limitation and drift processes, respectively. 
Additionally, as succession proceeded, more complex networks 
of both taxa were found in the latter stages. Soil bacterial (more 
competition) and fungal (more cooperation) communities 
exhibited a contrasting pattern over forest succession. Our 
findings have important implications for understanding how 
complex soil microbial communities dwelling in P. bournei-
dominated forests respond to forest succession and season. 
Further investigations focus on the ecological functions of 
specific taxa are warranted, which is expected to be essential in 
order to obtain a better understanding of the potential 
functions of the microbiota during forest succession. 
Meanwhile, more compartments and niches should be taken 
into account in future research, in order to provide a more 
comprehensive view of microbial ecology along the forest 
successional trajectories.

Data availability statement

The raw sequences data was deposited in National Center for 
Biotechnology Information (NCBI) with Sequence Read Archive 
(SRA) database under BioProject ID: PRJNA870323 (bacteria) 
and PRJNA870328 (fungi).

Author contributions

GH and LJ conceptualized the experiment. YG and TP 
conducted the field work. TP and SW collected data. LJ and TP 
performed the data analyses. LJ, ZL, and GH wrote the 
manuscript and revised the manuscript. All authors commented 
and contributed to the final version of the manuscript.

Funding

This work was financially supported by the Natural 
Science Foundation of China (32071752) and the National 
Key Research and Development Program of China 
(2021YFD2201303).

Acknowledgments

We thank the Mingyueshan Farm for access permission and 
logistic support. We also thank Mingwei Wang, Chengfeng Shan 
and Fangyuan Shen for providing constructive suggestions.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1021258/
full#supplementary-material

https://doi.org/10.3389/fmicb.2022.1021258
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1021258/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1021258/full#supplementary-material


He et al. 10.3389/fmicb.2022.1021258

Frontiers in Microbiology 15 frontiersin.org

References
Bååth, E. (1998). Growth rates of bacterial communities in soils at varying pH: a 

comparison of the thymidine and leucine incorporation techniques. Microb. Ecol. 
36, 316–327. doi: 10.1007/s002489900118

Banning, N. C., Gleeson, D. B., Grigg, A. H., Grant, C. D., Andersen, G. L., 
Brodie, E. L., et al. (2011). Soil microbial community successional patterns during 
forest ecosystem restoration. Appl. Environ. Microbiol. 77, 6158–6164. doi: 10.1128/
AEM.00764-11

Blaalid, R., Carlsen, T., Kumar, S., Halvorsen, R., Ugland, K. I., Fontana, G., et al. 
(2012). Changes in the root-associated fungal communities along a primary 
succession gradient analysed by 454 pyrosequencing. Mol. Ecol. 21, 1897–1908. doi: 
10.1111/j.1365-294X.2011.05214.x

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer 
for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/
bioinformatics/btu170

Bruelheide, H., Böhnke, M., Both, S., Fang, T., Assmann, T., Baruffol, M., et al. 
(2011). Community assembly during secondary forest succession in a Chinese 
subtropical forest. Ecol. Monogr. 81, 25–41. doi: 10.1890/09-2172.1

Chase, J. M., and Myers, J. A. (2011). Disentangling the importance of ecological 
niches from stochastic processes across scales. Philos. Trans. R. Soc. B: Biol. Sci. 366, 
2351–2363. doi: 10.1098/rstb.2011.0063

Chen, P., Huang, J., Rao, L., Zhu, W., Yu, Y., Xiao, F., et al. (2022). Environmental 
effects of nanoparticles on the ecological succession of gut microbiota across 
zebrafish development. Sci. Total Environ. 806:150963. doi: 10.1016/j.
scitotenv.2021.150963

Cline, L. C., and Zak, D. R. (2015). Soil microbial communities are shaped by 
plant-driven changes in resource availability during secondary succession. Ecology 
96, 3374–3385. doi: 10.1890/15-0184.1

Coyte, K. Z., Schluter, J., and Foster, K. R. (2015). The ecology of the microbiome: 
networks, competition, and stability. Science 350, 663–666. doi: 10.1126/science.aad2602

Cutler, N. A., Chaput, D. L., and Van Der Gast, C. J. (2014). Long-term changes 
in soil microbial communities during primary succession. Soil Biol. Biochem. 69, 
359–370. doi: 10.1016/j.soilbio.2013.11.022

Ding, K., Zhang, Y., Yrjälä, K., Tong, Z., and Zhang, J. (2022). The introduction of 
Phoebe bournei into Cunninghamia lanceolata monoculture plantations increased 
microbial network complexity and shifted keystone taxa. For. Ecol. Manag. 
509:120072. doi: 10.1016/j.foreco.2022.120072

Dini-Andreote, F., De Cássia, P. E., Silva, M., Triado-Margarit, X., 
Casamayor, E. O., Van Elsas, J. D., et al. (2014). Dynamics of bacterial community 
succession in a salt marsh chronosequence: evidences for temporal niche 
partitioning. ISME J. 8, 1989–2001. doi: 10.1038/ismej.2014.54

Dini-Andreote, F., Stegen, J. C., Van Elsas, J. D., and Salles, J. F. (2015). 
Disentangling mechanisms that mediate the balance between stochastic and 
deterministic processes in microbial succession. Proc. Natl. Acad. Sci. U. S. A. 112, 
E1326–E1332. doi: 10.1073/pnas.1414261112

Ferrenberg, S., Oneill, S. P., Knelman, J. E., Todd, B., Duggan, S., Bradley, D., et al. 
(2013). Changes in assembly processes in soil bacterial communities following a 
wildfire disturbance. ISME J. 7, 1102–1111. doi: 10.1038/ismej.2013.11

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological 
classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil 
bacterial communities. Proc. Natl. Acad. Sci. 103, 626–631. doi: 10.1073/
pnas.0507535103

Fierer, N., Nemergut, D., Knight, R., and Craine, J. M. (2010). Changes through 
time: integrating microorganisms into the study of succession. Res. Microbiol. 161, 
635–642. doi: 10.1016/j.resmic.2010.06.002

Finegan, B. (1984). Forest succession. Nature 312, 109–114. doi: 10.1038/312109a0

Ghoul, M., and Mitri, S. (2016). The ecology and evolution of microbial 
competition. Trends Microbiol. 24, 833–845. doi: 10.1016/j.tim.2016.06.011

Graham, E. B., and Stegen, J. C. (2017). Dispersal-based microbial community 
assembly decreases biogeochemical function. PRO 5:65. doi: 10.3390/pr5040065

Hannula, S. E., Kielak, A. M., Steinauer, K., Huberty, M., Jongen, R., De Long, J. R., 
et al. (2019). Time after time: temporal variation in the effects of grass and forb 
species on soil bacterial and fungal communities. MBio 10, e02635–e02619. doi: 
10.1128/mBio.02635-19

Harris, J. (2009). Soil microbial communities and restoration ecology: facilitators 
or followers? Science 325, 573–574. doi: 10.1126/science.1172975

He, D., Shen, W., Eberwein, J., Zhao, Q., Ren, L., and Wu, Q. L. (2017). Diversity 
and co-occurrence network of soil fungi are more responsive than those of bacteria 
to shifts in precipitation seasonality in a subtropical forest. Soil Biol. Biochem. 115, 
499–510. doi: 10.1016/j.soilbio.2017.09.023

Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami, M. E. 
(2021). Environmental stress destabilizes microbial networks. ISME J. 15, 
1722–1734. doi: 10.1038/s41396-020-00882-x

Hu, L., Li, Q., Yan, J., Liu, C., and Zhong, J. (2022). Vegetation restoration 
facilitates belowground microbial network complexity and recalcitrant soil organic 
carbon storage in Southwest China karst region. Sci. Total Environ. 820:153137. doi: 
10.1016/j.scitotenv.2022.153137

Ji, L., Shen, F., Liu, Y., Yang, Y., Wang, J., Purahong, W., et al. (2022a). Contrasting 
altitudinal patterns and co-occurrence networks of soil bacterial and fungal 
communities along soil depths in the cold-temperate montane forests of China. 
Catena 209:105844. doi: 10.1016/j.catena.2021.105844

Ji, L., Tanunchai, B., Wahdan, S. F. M., Schädler, M., and Purahong, W. (2022b). 
Future climate change enhances the complexity of plastisphere microbial co-
occurrence networks, but does not significantly affect the community assembly. Sci. 
Total Environ.:157016. doi: 10.1016/j.scitotenv.2022.157016

Ji, L., Yang, Y., and Yang, L. (2021). Seasonal variations in soil fungal communities 
and co-occurrence networks along an altitudinal gradient in the cold temperate zone 
of China: a case study on Oakley Mountain. Catena 204:105448. doi: 10.1016/j.
catena.2021.105448

Kuffner, M., Hai, B., Rattei, T., Melodelima, C., Schloter, M., Zechmeister-Boltenstern, S., 
et al. (2012). Effects of season and experimental warming on the bacterial community 
in a temperate mountain forest soil assessed by 16S rRNA gene pyrosequencing. FEMS 
Microbiol. Ecol. 82, 551–562. doi: 10.1111/j.1574-6941.2012.01420.x

Kulichevskaya, I. S., Suzina, N. E., Liesack, W., and Dedysh, S. N. (2010). 
Bryobacter aggregatus gen. Nov., sp. nov., a peat-inhabiting, aerobic chemo-
organotroph from subdivision 3 of the Acidobacteria. Int. J. Syst. Evol. Microbiol. 60, 
301–306. doi: 10.1099/ijs.0.013250-0

Liang, C., Schimel, J. P., and Jastrow, J. D. (2017). The importance of anabolism in 
microbial control over soil carbon storage. Nat. Microbiol. 2, 1–6. doi: 10.1038/
nmicrobiol.2017.105

Lipson, D. A. (2007). Relationships between temperature responses and bacterial 
community structure along seasonal and altitudinal gradients. FEMS Microbiol. 
Ecol. 59, 418–427. doi: 10.1111/j.1574-6941.2006.00240.x

Liu, J., Jia, X., Yan, W., Zhong, Y., and Shangguan, Z. (2020). Changes in soil 
microbial community structure during long-term secondary succession. Land 
Degrad. Dev. 31, 1151–1166. doi: 10.1002/ldr.3505

Liu, S., Yu, H., Yu, Y., Huang, J., Zhou, Z., Zeng, J., et al. (2022). Ecological stability 
of microbial communities in Lake Donghu regulated by keystone taxa. Ecol. Indic. 
136:108695. doi: 10.1016/j.ecolind.2022.108695

Liu, L., Zhu, K., Krause, S. M., Li, S., Wang, X., Zhang, Z., et al. (2021). Changes 
in assembly processes of soil microbial communities during secondary succession 
in two subtropical forests. Soil Biol. Biochem. 154:108144. doi: 10.1016/j.
soilbio.2021.108144

Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads 
to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/
bioinformatics/btr507

Malik, A. A., Thomson, B. C., Whiteley, A. S., Bailey, M., and Griffiths, R. I. (2017). 
Bacterial physiological adaptations to contrasting edaphic conditions identified 
using landscape scale metagenomics. MBio 8, e00799–e00717. doi: 10.1128/
mBio.00799-17

Nemergut, D. R., Schmidt, S. K., Fukami, T., Oneill, S. P., Bilinski, T. M., 
Stanish, L. F., et al. (2013). Patterns and processes of microbial community assembly. 
Microbiol. Mol. Biol. Rev. 77, 342–356. doi: 10.1128/MMBR.00051-12

Ning, D., Yuan, M., Wu, L., Zhang, Y., Guo, X., Zhou, X., et al. (2020). A quantitative 
framework reveals ecological drivers of grassland microbial community assembly in 
response to warming. Nat. Commun. 11, 1–12. doi: 10.1038/s41467-020-18560-z

Oren, A. (2014). The Family Xanthobacteraceae. The Prokaryotes: 
Alphaproteobacteria and Betaproteobacteria, Berlin: Springer.

Osorio, N., and Habte, M. (2001). Synergistic influence of an arbuscular 
mycorrhizal fungus and a P solubilizing fungus on growth and P uptake of Leucaena 
leucocephala in an Oxisol. Arid Land Res. Manage. 15, 263–274. doi: 
10.1080/15324980152119810

Powers, J. S., and Marín-Spiotta, E. (2017). Ecosystem processes and 
biogeochemical cycles in secondary tropical forest succession. Annu. Rev. Ecol. Evol. 
Syst. 48, 497–519. doi: 10.1146/annurev-ecolsys-110316-022944

Prosser, J. I., Bohannan, B. J., Curtis, T. P., Ellis, R. J., Firestone, M. K., 
Freckleton, R. P., et al. (2007). The role of ecological theory in microbial ecology. 
Nat. Rev. Microbiol. 5, 384–392. doi: 10.1038/nrmicro1643

Purschke, O., Michalski, S. G., Bruelheide, H., and Durka, W. (2017). Phylogenetic 
turnover during subtropical forest succession across environmental and 
phylogenetic scales. Ecol. Evol. 7, 11079–11091. doi: 10.1002/ece3.3564

https://doi.org/10.3389/fmicb.2022.1021258
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s002489900118
https://doi.org/10.1128/AEM.00764-11
https://doi.org/10.1128/AEM.00764-11
https://doi.org/10.1111/j.1365-294X.2011.05214.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1890/09-2172.1
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1016/j.scitotenv.2021.150963
https://doi.org/10.1016/j.scitotenv.2021.150963
https://doi.org/10.1890/15-0184.1
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1016/j.soilbio.2013.11.022
https://doi.org/10.1016/j.foreco.2022.120072
https://doi.org/10.1038/ismej.2014.54
https://doi.org/10.1073/pnas.1414261112
https://doi.org/10.1038/ismej.2013.11
https://doi.org/10.1890/05-1839
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1016/j.resmic.2010.06.002
https://doi.org/10.1038/312109a0
https://doi.org/10.1016/j.tim.2016.06.011
https://doi.org/10.3390/pr5040065
https://doi.org/10.1128/mBio.02635-19
https://doi.org/10.1126/science.1172975
https://doi.org/10.1016/j.soilbio.2017.09.023
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1016/j.scitotenv.2022.153137
https://doi.org/10.1016/j.catena.2021.105844
https://doi.org/10.1016/j.scitotenv.2022.157016
https://doi.org/10.1016/j.catena.2021.105448
https://doi.org/10.1016/j.catena.2021.105448
https://doi.org/10.1111/j.1574-6941.2012.01420.x
https://doi.org/10.1099/ijs.0.013250-0
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1111/j.1574-6941.2006.00240.x
https://doi.org/10.1002/ldr.3505
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1016/j.soilbio.2021.108144
https://doi.org/10.1016/j.soilbio.2021.108144
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1128/mBio.00799-17
https://doi.org/10.1128/mBio.00799-17
https://doi.org/10.1128/MMBR.00051-12
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1080/15324980152119810
https://doi.org/10.1146/annurev-ecolsys-110316-022944
https://doi.org/10.1038/nrmicro1643
https://doi.org/10.1002/ece3.3564


He et al. 10.3389/fmicb.2022.1021258

Frontiers in Microbiology 16 frontiersin.org

Ren, C., Liu, W., Zhao, F., Zhong, Z., Deng, J., Han, X., et al. (2019). Soil bacterial 
and fungal diversity and compositions respond differently to forest development. 
Catena 181:104071. doi: 10.1016/j.catena.2019.104071

Schimel, J. (2016). Microbial ecology: linking omics to biogeochemistry. Nat. 
Microbiol. 1, 1–2. doi: 10.1038/nmicrobiol.2015.28

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., 
et al. (2009). Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Appl. 
Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.01541-09

Serna-Chavez, H. M., Fierer, N., and Van Bodegom, P. M. (2013). Global drivers 
and patterns of microbial abundance in soil. Glob. Ecol. Biogeogr. 22, 1162–1172. 
doi: 10.1111/geb.12070

Shao, S., Zhao, Y., Zhang, W., Hu, G., Xie, H., Yan, J., et al. (2017). Linkage of microbial 
residue dynamics with soil organic carbon accumulation during subtropical forest 
succession. Soil Biol. Biochem. 114, 114–120. doi: 10.1016/j.soilbio.2017.07.007

Smith, A. P., Marín-Spiotta, E., and Balser, T. (2015). Successional and seasonal 
variations in soil and litter microbial community structure and function during 
tropical postagricultural forest regeneration: a multiyear study. Glob. Chang. Biol. 
21, 3532–3547. doi: 10.1111/gcb.12947

Stegen, J. C., Lin, X., Fredrickson, J. K., Chen, X., Kennedy, D. W., Murray, C. J., 
et al. (2013). Quantifying community assembly processes and identifying features 
that impose them. ISME J. 7, 2069–2079. doi: 10.1038/ismej.2013.93

Stegen, J. C., Lin, X., Fredrickson, J. K., and Konopka, A. E. (2015). Estimating and 
mapping ecological processes influencing microbial community assembly. Front. 
Microbiol. 6:370. doi: 10.3389/fmicb.2015.00370

Sun, S., Li, S., Avera, B. N., Strahm, B. D., and Badgley, B. D. (2017). Soil bacterial 
and fungal communities show distinct recovery patterns during forest ecosystem 
restoration. Appl. Environ. Microbiol. 83:83. doi: 10.1128/AEM.00966-17

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. 
Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

Wang, Z., He, G., Hou, Z., Luo, Z., Chen, S., Lu, J., et al. (2021). Soil C: N: P 
stoichiometry of typical coniferous (Cunninghamia lanceolata) and/or evergreen 
broadleaved (Phoebe bournei) plantations in South China. For. Ecol. Manag. 
486:118974. doi: 10.1016/j.foreco.2021.118974

Wang, W., Wei, X., Liao, W., Blanco, J. A., Liu, Y., Liu, S., et al. (2013). Evaluation 
of the effects of forest management strategies on carbon sequestration in evergreen 
broad-leaved (Phoebe bournei) plantation forests using FORECAST ecosystem 
model. For. Ecol. Manag. 300, 21–32. doi: 10.1016/j.foreco.2012.06.044

Waring, B. G., Adams, R., Branco, S., and Powers, J. S. (2016). Scale-dependent 
variation in nitrogen cycling and soil fungal communities along gradients of forest 

composition and age in regenerating tropical dry forests. New Phytol. 209, 845–854. 
doi: 10.1111/nph.13654

Whitfeld, T., Kress, W., Erickson, D., and Weiblen, G. (2012). Change in 
community phylogenetic structure during tropical forest succession: evidence from 
New Guinea. Ecography 35, 821–830. doi: 10.1111/j.1600-0587.2011.07181.x

Williams, M. A., Jangid, K., Shanmugam, S. G., and Whitman, W. B. (2013). 
Bacterial communities in soil mimic patterns of vegetative succession and ecosystem 
climax but are resilient to change between seasons. Soil Biol. Biochem. 57, 749–757. 
doi: 10.1016/j.soilbio.2012.08.023

Zechmeister-Boltenstern, S., Keiblinger, K. M., Mooshammer, M., Peñuelas, J., 
Richter, A., Sardans, J., et al. (2015). The application of ecological stoichiometry to 
plant–microbial–soil organic matter transformations. Ecol. Monogr. 85, 133–155. 
doi: 10.1890/14-0777.1

Zhang, K., Delgado-Baquerizo, M., Zhu, Y.-G., and Chu, H. (2020). Space is more 
important than season when shaping soil microbial communities at a large spatial 
scale. Msystems 5:e00783-19. doi: 10.1128/mSystems.00783-19

Zhang, C., Liu, G., Xue, S., and Wang, G. (2016). Soil bacterial community 
dynamics reflect changes in plant community and soil properties during the 
secondary succession of abandoned farmland in the loess plateau. Soil Biol. Biochem. 
97, 40–49. doi: 10.1016/j.soilbio.2016.02.013

Zhao, C., Long, J., Liao, H., Zheng, C., Li, J., Liu, L., et al. (2019). Dynamics of soil 
microbial communities following vegetation succession in a karst mountain 
ecosystem, Southwest China. Sci. Rep. 9, 1–10. doi: 10.1038/s41598-018- 
36886-z

Zhao, D., Shen, F., Zeng, J., Huang, R., Yu, Z., and Wu, Q. L. (2016). Network 
analysis reveals seasonal variation of co-occurrence correlations between 
cyanobacteria and other bacterioplankton. Sci. Total Environ. 573, 817–825. doi: 
10.1016/j.scitotenv.2016.08.150

Zheng, J., Xiao, X., Zhang, Q., Mao, L., Yu, M., and Xu, J. (2015). The Placental 
Microbiome Varies in Association with Low Birth Weight in Full-Term Neonates. 
Nutrients 7, 6924–6937.

Zhong, Y., Yan, W., Wang, R., Wang, W., and Shangguan, Z. (2018). Decreased 
occurrence of carbon cycle functions in microbial communities along with long-
term secondary succession. Soil Biol. Biochem. 123, 207–217. doi: 10.1016/j.
soilbio.2018.05.017

Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in 
microbial ecology? Microbiol. Mol. Biol. Rev. 81, e00002–e00017. doi: 10.1128/
MMBR.00002-17

Zhou, Z., Wang, C., Jiang, L., and Luo, Y. (2017). Trends in soil microbial 
communities during secondary succession. Soil Biol. Biochem. 115, 92–99. doi: 
10.1016/j.soilbio.2017.08.014

https://doi.org/10.3389/fmicb.2022.1021258
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.catena.2019.104071
https://doi.org/10.1038/nmicrobiol.2015.28
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1111/geb.12070
https://doi.org/10.1016/j.soilbio.2017.07.007
https://doi.org/10.1111/gcb.12947
https://doi.org/10.1038/ismej.2013.93
https://doi.org/10.3389/fmicb.2015.00370
https://doi.org/10.1128/AEM.00966-17
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1016/j.foreco.2021.118974
https://doi.org/10.1016/j.foreco.2012.06.044
https://doi.org/10.1111/nph.13654
https://doi.org/10.1111/j.1600-0587.2011.07181.x
https://doi.org/10.1016/j.soilbio.2012.08.023
https://doi.org/10.1890/14-0777.1
https://doi.org/10.1128/mSystems.00783-19
https://doi.org/10.1016/j.soilbio.2016.02.013
https://doi.org/10.1038/s41598-018-36886-z
https://doi.org/10.1038/s41598-018-36886-z
https://doi.org/10.1016/j.scitotenv.2016.08.150
https://doi.org/10.1016/j.soilbio.2018.05.017
https://doi.org/10.1016/j.soilbio.2018.05.017
https://doi.org/10.1128/MMBR.00002-17
https://doi.org/10.1128/MMBR.00002-17
https://doi.org/10.1016/j.soilbio.2017.08.014

	Forest succession improves the complexity of soil microbial interaction and ecological stochasticity of community assembly: Evidence from Phoebe bournei-dominated forests in subtropical regions
	Introduction
	Materials and methods
	Site description and experimental design
	Experimental design and soil sampling
	Soil physicochemical properties measurement
	DNA extraction, PCR amplification, and illumina sequencing
	Statistical analysis

	Results
	Soil physical and chemical properties
	General descriptions of sequencing information
	Relative abundance and taxonomic composition of soil bacteria and fungi
	Soil bacterial and fungal diversity in different natural regeneration stages and seasons
	Ecological processes of soil bacterial and fungal community
	Main driving factors of soil microbial community composition
	Co-occurrence networks of soil bacterial and fungal communities during forest successions

	Discussion
	Effect of forest succession on soil microbial communities is more pronounced than the effect of season
	Contrasting response of soil bacterial and fungal community assembly processes to forest succession and season
	Complexity of soil microbial networks increased with forest succession

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

