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Article 
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Abstract: Natural vegetation restoration has become an effective and rapid way for ecological 

restoration in fragile areas. However, the response of soil microorganisms remains unclear. Using 

high-throughput sequencing methods, we evaluated the dynamics of soil bacterial and fungal 

communities during forest succession (shrubland, secondary forest, and primary forest) in the karst 

region of Southwest China. Secondary forest had significantly higher bacterial α-diversity than the 

shrubland and primary forest. Soil bacterial community in the primary forest was close to the 

shrubland but diverged from the secondary forest, and that the fungal community could be 

discriminated along forest succession. Also, the microbial co-occurrence network indicated that soil 

fungi had less but more intense relationships than bacteria in the karst forests. Furthermore, soil 

properties (pH, SOC, TN, moisture, and AK), soil microbial biomass (MBP, and MBN), and plant 

factors (Shannon index of woody plants) drove the dynamics of the soil bacterial community, while 

soil properties (i.e., pH) mostly explained the variation of the soil fungal community along karst 

forest succession. Different responses of soil bacteria and fungi to forest succession in a karst region 

give hints for ecological restoration along forest succession in the karst region. 

Keywords: soil microbial community; diversity; occurrence; succession; Karst forest 

 

1. Introduction 

Belowground biodiversity regulates aboveground biodiversity and ecosystem functioning [1], 

especially microbial diversity could drive multifunctionality in terrestrial ecosystems, including 

climate regulation, soil fertility, and food and fiber production [2,3], and improve human well-being 

[4]. As an important component of terrestrial ecosystems, microbial biodiversity in forests has 

received much attention as macroorganisms, for example plants [5,6]. Also, it has been recommended 

to apply the existing macro-ecological theory to soil microbial ecology [7]. Different environmental 

drivers regulate soil microbial diversity. For instance, temperature and soil carbon regulate soil 

archaea, while aridity, vegetation attributes, and pH regulate bacteria [8]. Changes in the soil bacterial 

community during secondary succession has been found to depend on plant diversity and 

composition and soil nutrients especially for total organic carbon and total nitrogen [9], while soil 

fungal diversity and functionality were found to be driven by plant species in afforestation [10]. 
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Compared with arable land, forest ecosystems had a more stable and complex microbial network in 

the karst region [11].  

The karst landscape is mostly distributed in the southwest region of China with a size more than 

0.54 million km2 [12], which is characterized as being susceptible to disturbances, unstable, and 

unable to self-adjust [13–15] due to slow species turnover and soil poverty [16]. The karst region has 

become a hot spot of global greening with substantial increases in vegetation growth and carbon 

stocks due to ecological engineering [17]. In addition, natural vegetation restoration has been 

documented to be superior to managed vegetation restoration for maintenance of multiple ecosystem 

functions in the karst regions due to the potentially significant role of arbuscular mycorrhizal fungi 

[18]. The importance of ecological networks for microbial communities has been the focus of research 

on natural and agricultural ecosystems [8,19]. Karst forests in particular have greater connectivity 

among bacterial and fungal communities than non-karst forests, which indicated that increased 

microbial diversity strengthen the complexity of co-occurrence networks [20]. However, there is a 

limited knowledge about the magnitude and direction of the response of soil microbial communities 

to karst forest succession with characterized plant communities and soil properties [21]. Gaining this 

knowledge is vital to efforts that increase ecosystem stability and function in the context of 

international carbon sequestration and carbon neutrality goals. 

 Soil bacteria and fungi respond differently to plant diversity and plant family composition 

during the secondary succession of abandoned farmland on the Loess Plateau [22]. Based on the point 

and dynamics of woody plant diversity and composition among shrubland, secondary forest, and 

primary forest in the karst region of Southwest China [21], we posited that soil microbial (i.e., bacteria 

and fungi) communities and diversity would respond differently as forest succession. According to 

the different microbial profiles [23], we also expected that soil bacterial co-occurrence would have 

higher connectivity than fungi as forest succession progressed. Here, we collected 11 soil samples in 

each plot along a restoration gradient in shrub, secondary forest, and primary forest in the karst 

region of Southwest China. We sequenced amplicons of 16S rRNA gene and ITS gene to obtain 

information on the community composition and diversity of soil bacteria and fungi. Then, we 

quantified the responses of the soil microbial community, diversity, and co-occurrence network to 

karst forest succession. Finally, we investigated the main factors that drove the soil microbial 

dynamics along karst forest succession.  

2. Materials and Methods 

2.1. Study Area 

The study area was in Huanjiang Maonan Autonomous County, Guangxi (107°51'- 108° 43' E, 

24°44' - 25°33' N), which is in the subtropical monsoon climate zone. The annual average temperature 

is 19.3 ℃, the annual average sunshine hours are 1451.1 h, and the annual average precipitation is 

1529 mm. The shrub, secondary forest, and primary forest are the typical natural forests in the karst 

region, and the respective plots are built in Mulian Karst Experimental Station (Mulian), Guzhou in 

Xianan Township (Guzhou), and the Mulun National Nature Reserve (Mulun). The dominant woody 

vegetation in the shrubland plot in Mulian were Vitex negundo, Alangium chinense, and Ligustrum 

japonicum (Zhang et al., 2020). Bauhinia brachycarpa, Cipadessa cinerascens, Radermachera sinica, 

and Toona sinensis were the dominant species in the secondary forest plot in Guzhou. Both the 

shrubland and secondary forests were typical natural restoration areas after human disturbance. The 

dominant species in the primary forest in Mulun were Cryptocarya microcarpa, Itoa orientalis, and 

Brassaiopsis glomerata. Mulun is the best preserved and largest primary karst forest with mixed 

evergreen and deciduous broadleaf forest [16]. The soil in the three regions is lime soil, and the site 

conditions are identical. 
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2.2. Vegetation Investigation 

In 2007, dynamic forest plots of shrubland, secondary forest, and primary forest with an area of 

220 m × 40 m were established from the valley to the top of the hills in the Mulian, Guzhou, and 

Mulun regions, respectively. The plots were divided into 22 quadrants of 20 m × 20 m, which then 

were divided into 16 sub-quadrants of 5 m × 5 m according to the standard protocol from the Center 

for Tropical Forest Science (CTFS, http://www.ctfs.si.edu). All the woody plants with diameter at 

breast height (DBH) ≥ 1 cm were tagged, identified, measured, and georeferenced in 2007. Then every 

five years an inventory was conducted, which occurred in 2012, 2017, and 2022. We used woody plant 

inventory data from 2017 in the middle of the 20 m × 20 m quadrants along the three plots. We used 

the average DBH, richness, and Shannon-wiener index as vegetation factors in our analyses. DBH 

was exploited the average of the total woody plants in each plot. Richness index and Shannon index 

were determined as described in reference [24]. 

2.3. Soil Sample Collection and Determination 

 In October 2019, we took soil samples every 20 m (i.e., the middle sample point) along the 

middle sample line of the plot from bottom to top, and we measured the soil temperature and volume 

water content at the sampling point with the soil parameter instrument TDR200. Eight to 10 surface 

soil samples (0-15 cm) around the sampling points were taken as the soil sample after fully mixing. 

About 150 g of soil sample from each point was stored in a liquid nitrogen tank and taken to the 

laboratory for high-throughput sequencing of soil microorganisms. We screened soil samples (about 

500 g) through a 10-mesh sieve to remove roots and stones. One part was stored in the freezer (4 ℃) 

to measure the soil ammonium nitrate and microbial biomass (C, N, P), and the other part was used 

to determine the soil physio-chemical properties.  

 Soil pH, organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), 

available nitrogen (AN), available phosphorus (AP), available potassium (AK), exchangeable Ca2+ 

and Mg2+, NO3-N, and NH4+-N were determined according to reference [25]. Soil microbial biomass 

carbon (MBC), nitrogen (MBN), and phosphorus (MBP) were determined using the chloroform 

fumigation-extraction method [26]. 

2.4. DNA Extraction and PCR Amplification  

Soil microbial DNA was extracted from each soil sample three times from a 0.5 g fresh soil 

sample with the Fast soil DNA SPIN Kit (MP Biomedicals, MP, USA). The extracted soil DNA was 

diluted in 50 μL of sterilized water. Finally, the extracted DNA was quantified using a NanoDrop 

ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, USA) and was kept at - 80 °C for 

further analysis.  

The hypervariable region V3–V4 of total bacterial 16S rRNA and the internal transcribed spacer 

(ITS) regions of fungal genes were amplified with the primers 338F/806R [27] and ITS1F/ITS2R [28], 

respectively. The solution for bacterial amplification included 4μL FastPfu Buffer (5 ×), 2 μL dNTPs 

(2.5 mM), 0.8 μL Forward Primer (5 μM) and Reserve Primer (5 μM), 0.4 μL FastPfu Polymerse 

(China, Beijing TransGen Biotech Co., Ltd.), 0.2 μL BSA, 10 ng Template DNA, and adding ddH2O2 

to 20 μL. These samples were denatured at 95 °C for 3 min, amplified by 27 cycles at 95 °C for 30 s, 

55 °C for 30 s, and 72 °C for 45 s, followed by extension at 72 °C for 10 min. The qPCR reaction of ITS 

rRNA were performed in a 20 μL mixture, which contained 2μL Buffer (10 ×), 2 μL dNTPs (2.5 mM), 

0.8 μL Forward and Reserve Primers (5 μM), 0.2 μL rTaq Polymerse (China, Shanghai Fusheng 

Industrial Co., Ltd.), 0.2 μL BSA, 10 ng Template DNA, and ddH2O. These samples were denatured 

at 95 °C for 3 min, amplified by 35 cycles of 95 °C for 30s, 55 °C for 30 s, and 72 °C for 45s, extended 

at 72 °C for 10 min, at 10 °C until halted. Each sample was conducted on ABI GeneAmp 9700 system 

(Applied Biosystems, Waltham, MA, USA) with three duplicates and then the relative amplicons 

were mixed to a final PCR product. Each mixed gene (i.e., 16S rRNA gene and ITS rRNA gene) sample 

was undergone by electrophoresis on 2% agarose gel. Bands with DNA fragments of the expected 

size (301-400 bp for 16S rRNA gene, 201-300 bp for ITS rRNA gene) were assessed with AxyPrep 
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DNA Gel Recovery Kit (Axygen Biosciences (Hangzhou) Co. Ltd., Hangzhou, China). Finally, the 

amplicon libraries were sequenced on an Illumina’ HiSeq 2000 platform (Illumina, USA) at Majorbio 

Bio-Pharm Technology Co., Ltd. (Shanghai, China). 

2.5. Bioinformatics Processing  

The raw gene sequencing reads were demultiplexed, quality-filtered, and then merged using 

QIIME [29] according to the three criteria as described in reference [30]. The operational taxonomic 

units (OTUs) were clustered at the similarity level of 97% using Uparse v7.0.1 [31] after chimeric 

sequences were identified and removed. The taxonomy of the OTUs were identified based on the 

clustering results using a naïve Bayesian classifier algorithm implemented in mother [32,33] against 

a 16S rRNA database (Silva v138/16s_bacteria) and an ITS rRNA database (unite 7.2/its_fungi) at a 

0.7 confidence threshold. Finally, the complete datasets were sent to the Sequence Read Archive 

(SRA) database of the National Center for Biotechnology Information (NCBI) under the accession 

numbers of PRJNA 898882 for bacteria and PRJNA 899297 for fungi. 

2.6. Statistical Analysis 

The α diversity of the soil microbial community was measured using Shannon-Wiener index 

[34] and observed richness as the total number of OTUs in each sample normalized to a specific 

number of reads per sample. The β diversity of the soil microbial communities in different forest 

types was characterized by non-metric multidimensional scaling (NMDS) based on the Bray-Curtis 

distance. The inter-group differences were tested using ADONIS analysis, and the stress values were 

used to assess the goodness of fit [35]. Specifically, stress >0.2 indicated poor goodness of fit, 

0.1<stress<0.2 indicated fair goodness of fit, 0.05<stress<0.1 meant good fitness, and stress <0.05 meant 

excellent fitness. In our study, stress values (0.0801 for bacteria and 0.153 for fungi) indicated that the 

NMDS results had good fitness. The Wilcoxon rank sum test was used to analyze the differences in 

the soil microbial diversity index [36]. The top 50 genera with relative abundance > 1% were thermally 

mapped to analyze the soil microbial community structure of each forest. Redundancy analysis based 

on Bray-Curtis distance (db-RDA) was used to investigate the dominant factors that affected the 

composition of bacterial and fungal communities [37]. Variation partition analysis was conducted to 

quantify the contribution of soil, vegetation, and microbial biomass to the variance variation of soil 

microbial community [38]. The above analyses were conducted in R 3.3.4 [39]. To construct the co-

occurrence network of the bacterial and fungal community, we used the relative abundance of the 

taxa with > 1% relative abundance at genus level in the three forests to calculate the Pearson 

correlation [40,41]. The edges were retained only when their Pearson correlation was >0.7 and 

adjusted P values was < 0.05. The network was visualized with Gephi 0.9.2. 

3. Results 

3.1. Plants and Soil Properties during Karst Forest Succession 

The average DBH, richness, and Shannon-Wiener index of the woody plants had an upward 

trend with forest succession from shrubland, to secondary forest, to primary forest. In addition, all 

the three woody plant properties in the primary forest were significantly higher than those in the 

shrubland (P<0.05) (Table 1). The soils had a high soil organic carbon content (>30 gkg-1) in the 

shrubland and primary forest (Table 1). The soil properties, except for microbial biomass of carbon 

(MBC), were significantly different among the three karst forests, and in general soil nutrients in the 

primary forest were highest (Table 1).  
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Table 1. Woody plant and soil properties among the three karst forests (n=11, means ± SE). 

Properties Shrubland Secondary forest Primary forest 

Woody plants 

Average DBH (cm) 3.56±0.42 b 4.92±0.59 ab 5.42±0.08 a 

Richness 8.70±1.23b 16.14±2.75 b 29.41±4.23 a 

Shannon-Wiener index 1.21±0.16 b 1.88±0.27 ab 2.19±0.33 a 

Soil 

pH 7.10±0.05a 6.23±0.07b 7.00±0.11a 

SOC(g·kg-1) 30.30±1.63 a 19.81±2.50 b 35.55±2.78 a 

TN (g·kg-1) 5.61±0.40 a 4.00±0.39 b 6.18±0.51 a 

TP (g·kg-1) 1.14±0.05 a 0.97±0.05 b 1.23±0.04 a 

TK (g·kg-1) 5.80±0.69 b 14.91±0.66 a 5.37±0.66 b 

AN (mg·kg-1) 250.87±25.96 a 215.01±32.15 b 307.29±22.55 a 

AP (mg·kg-1) 3.01±0.29 b 3.33±0.55 ab 4.57±0.35 a 

AK(mg·kg-1) 58.36±5.82 b 74.29±2.96 ab 76.81±5.66 a 

Ca (gkg-1) 5.34±0.36 a 3.33±0.38 b 5.22±0.39 a 

Mg (gkg-1) 1.91±0.12 a 0.12±0.01 b 1.76±0.16 a 

Moisture (%)  27.82±2.56 c 40.06±1.14 a 35.04±2.48 b 

Temperature (°C) 20.00±0.17 a 17.57±0.55 c 18.78±0.35 b 

NH4-N (mg·kg-1) 5.09±0.48 b 7.39±0.74 a 3.51±0.42 b 

NO3-N (mg·kg-1) 2.14±0.41 b 4.66±0.96 b 11.35±0.81 a 

MBC(mg·kg-1) 289.47±25.41 297.56±17.83 275.93±27.83 

MBN (mg·kg-1) 145.16±18.86 ab 108.06±12.67 b 175.41±13.86 a 

MBP(mg·kg-1) 12.59±1.41 a 4.51±0.73 b 10.86±0.99 a 

*The different letters in the same row indicate significant differences between the karst forests (P<0.05). 

3.2. Dynamics in Bacterial and Fungal Community Composition and Diversity during Forest Succession 

Proteobacteria, Actinobacteria, Acidobacteria, and Chloroflexi were the predominant bacterial 

phyla in the karst forest soils and accounted for 78.7%-81.3% of the total abundance (Figure 1a). 

Ascomycota and Basidiomycota dominated the fungal communities in the karst forests with a relative 

abundance of 76.4% to 81.2% (Figure 1b). The α-diversity (based on the richness and Shannon-Wiener 

index) of fungi had a downward trend at first and then an upward trend during karst forest 

succession, but there were no significant differences among them (Figure A2b,d). However, the sobs 

of soil bacteria at the phylum level were significantly higher in the secondary forest than those in 

shrubland and primary forest (Figure A2a), while the Shannon-Wiener index for soil bacteria at the 

phylum level was significantly lower for the primary forest than for the shrubland and secondary 

forest (Figure A2c). The NMDS analysis indicated that the soil bacterial community in the primary 

forest was close to that in the shrubland, with obvious differences from the secondary forest (Figure 

2a, Adonis, R2=0.407, P=0.001), and the fungal community could be discriminated among the three 

forests (Figure 2b, Adonis, R2=0.194, P=0.001).  
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Figure 1. Soil bacterial (a) and fungal (b) community composition at the phylum level along forest 

succession from shrubland, secondary forest, to primary forest. 

. 

Figure 2. NMDS of soil bacterial (a) and fungal (b) communities along forest succession from 

shrubland, secondary forest, to primary forest. Green circles indicate soil samples in the shrubland; 

orange circles indicate soil samples in the secondary forest; and red circles indicate soil samples in the 

primary forest. 

3.3. Co-Occurrence Networks for Soil Bacteria and Fungi in the Karst Forest Succession 

We constructed co-occurrence networks for soil bacteria and fungi for the three karst forests 

(Figure 3). The networks were derived from the abundant taxa with a relative abundance >1% at the 

genus level, which for bacteria and fungi comprised 124 and 24 edges, and 37 and 17 nodes, 

respectively (Table A1). JG30-KF-CM66, Subgroup_17, Subgroup_9, Anaerolineae, Dehalococcoidia, 

Gitt-GS-136, Gemmatimonadetes, and Chloroflexia were the most important nodes in the bacterial 

co-occurrence network of the three karst forests (Figure 3a). Sordariomycetes, Mortierllomycetes, 

Eurotiomycetes, Leotiomycetes, GS-14, and Kickxellomycetes were the most important nodes of 

fungi in the karst forests (Figure 3b). The number of nodes, edges, and average path length of bacteria 

were relatively higher than for fungi in the karst forests (Figure 3 and Table A1), which indicated that 

there was a small but intense correlation among soil fungi in the forest. 
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Figure 3. The co-occurrence network of soil microbial organisms in the three forests. (a) Bacterial co-

occurrence network and (b) fungal co-occurrence network. 

3.4. Drivers Regulating Soil Bacterial and Fungal Profiles among Karst Forests 

The db-RDA results showed that soil pH, SOC, TN, MBP, moisture, MBN, AK, and the Shannon 

index of woody plants significantly affected the soil bacterial community in the karst forests (Figure 

4a), and that only soil pH significantly affected the soil fungal community in the karst forests (Figure 

4b). Further variation partition analysis indicated that soil microbial biomass explained 7.6% of the 

variation in the soil bacterial community in the karst forests, while soil properties and plant factors 

explained 4.1% and 3.4% of the variation in the soil bacterial community, respectively (Figure 5a). 
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Soil properties explained 9.3% of the variation in the soil fungal community in the karst forests 

(Figure 5b). Woody plants had little effect on the soil fungal community (Figure 5b). The unexplained 

variation was large for both the soil bacterial and fungal communities, which were 82.0% and 74.8%, 

respectively (Figure 5). 

  

Figure 4. Ordination diagram of db-RDA with soil microbial community composition and 

environmental factors. (a) Bacterial community composition; (b) Fungal community composition. 

 

Figure 5. The variation partition of environmental factors for soil microbial community in the karst 

forests. (a) Bacterial, Bacterial community; (b) Fungal, fungal community; a, b, and c, represented pure 

interpretation from soil, microbial biomass, and plant, respectively; d, soil and microbial biomass joint 

interpretation; e, microbial biomass and plant joint interpretation; f, soil and plant joint interpretation; 

g, soil, microbial biomass, and plant joint interpretation; h, residuals, the unexplained part. The letters 

without values indicated the values were less than 0. 

4. Discussion 

4.1. Dynamics in Soil Microbes and Environmental Variables along Karst Forest Succession  

Ecological engineering, including natural restoration, has been implemented worldwide [42]. 

One such region is in the karst region of southwest China [14,16], which has indubitably increased 

carbon sequestration through accumulation in biomass and soil organic carbon [27]. Moreover, plant 

natural succession without human or animal disturbance altered vegetation growth, community 

composition, and productivity [21], and in turn changed belowground status and functions [21,43]. 

In our study, Proteobacteria, Actinobacteria, and Acidobactria dominated the bacterial community 

at the phylum level (Figure 1a), and Ascomycota and Basidiomycota dominated the fungal 
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communities (Figure 1b), regardless of the forest succession stage in the karst region. The dominant 

bacterial and fungal taxa at phylum level were agreed with the previous studies in the karst region 

[19,44], indicating that forest succession had no significant effects on the dominant soil bacterial and 

fungal community structure. It is worthy to noted that, compared with the shrubland, the 

Proteobacteria communities were higher in the secondary forest (Figure 1a), which indicated that soil 

conditions improved during early plant succession by favoring Proteobacteria in a copiotrophic 

environment with available labile substrates [45]. The Protebacteria community increased with 

secondary succession after abandonment in the Loess Plateau in China [8] and with vegetation 

succession along the Franz Josef chronsequence in New Zealand [46].  

We found that the bacterial α-diversity was lowest in the primary forest (Figure A3a,c) despite 

the high diversity of woody plants (Table 1), which juxtaposes the view that plant diversity is 

positively related to soil bacterial diversity [47,48]. This contradiction might have been due to the 

differences in the substrates in the forest ecosystems of our study versus the grasslands studied 

[47,48]. In our study, fungal α-diversity had a downward trend at first and then an upward trend 

during karst forest succession (Figure A3b,d), which indicated that the different responses of the 

fungal and bacterial communities to forest succession may be due to their different responses to 

changing soil properties during forest succession [49].  

4.2. Divergent Patterns of Bacteria and Fungi along Karst Forest Succession 

NMDS results showed that the both the soil bacterial and fungal community composition in the 

primary forest were close to those in the shrubland, compared with the secondary forest (Figure 2). 

The phenomenon may be caused by two reasons. On the one hand, it may be the similar soil physical 

and chemical properties under the shrubland and the primary forest (Table 1) (i.e., similar soil 

environment) for microbial survival and growth; on the other hand, it may be different woody plant 

composition in the primary forest had more proportional evergreen tree species [20,50] with higher 

C:N ratios than deciduous tree species [51]. Although their litter would be preferred by 

microorganisms, the amount was relatively less than deciduous tree species, which caused the 

microbial community composition close to that in the shrubland owning more deciduous trees [50]. 

However, in subtropical non-karst regions, the soil bacterial community could be discriminated along 

forest succession, which may be caused by an increase in the production and accumulation of 

bacterial residues as forest succession progressed [52]. The divergence indicated that karst forests 

might have a more complicated succession process than non-karst forest. Generally, the soil fungal 

community was discriminated along the forest succession (Figure 2b), which implied that soil fungal 

species or taxa varied with successional stages. For example, arbuscular mycorrhizal (AM) fungi are 

more likely to be fast colonizers of early successional habitats [53]. Our microbial co-occurrence 

networks results (Figure 3 and Table A1) also indicated less but more intense correlations among soil 

fungi in the forest than bacteria, which might be caused by more intense and stable interactions 

between fungal species [19], such as diazotrophs and arbuscular mycorrhizal fungi [54]. Our findings 

also implied that bacteria and fungi might have more diverse trajectories along the forest succession 

stages in karst regions than in non-karst regions (i.e., the Loess Plateau) [49].  

Researchers have pointed that the abundance of highly connected taxa (e.g., kinless hubs) within 

soil microbial networks were associated with high functional potential in terrestrial ecosystems [55]. 

In our study, the co-occurrence network showed that JG30-KF-CM66, Subgroup_17, Subgroup_9, 

Anaerolineae, Dehalococcoidia, Gitt-GS-136, Gemmatimonadetes, and Chloroflexia were the most 

important bacterial nodes, and and Kickxellomycetes were the most important fungal nodes (Figure 

3b). These nodes were mainly connected to other taxa in the networks, which implied that they were 

highly associated with functional potential. Specifically, JG30-KF-CM66 has been documented to 

participate in the global cobalamin production through the cobinamide to cobalamin salvage 

pathway [56]. Sordariomycetes are comprised of typical saprotrophic fungi which are efficient in 

decomposing labile C [57], and Mortierllomycetes respond strongly to easily degradable, N-rich 

substrates [58]. Thus, the co-occurrence patterns suggested that species interactions contributed more 

to soil nutrient processes or functions than microbial diversity [19]. 
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4.3. Drivers of Soil Microbial Dynamics along Karst Forest Succession 

Our db-RDA results and variance partition analysis indicated that soil properties (pH, SOC, TN, 

moisture, and AK), soil microbial biomass (i.e., MBP, MBN), and plant diversity (Shannon index of 

woody plants) drove the dynamics of soil bacterial community along karst forest succession (Figures 

4a and 5a), which supported the view that shifts in bacterial community structure along plant 

secondary succession is most driven by changes in soil nutrients and plant diversity and composition 

[8,21]. Our findings also showed the phenomenon that woody plant diversity and biomass (DBH is 

highly positively related biomass [59]) could trigger negative responses in soil bacterial diversity 

during forest succession (Table A2). However, in unaffected grasslands [47] and during plant 

secondary succession after farmland was abandoned [8,48], plant diversity was positively related 

with soil bacterial diversity. This finding indicated that the relationship between plants diversity and 

bacterial diversity would change along the succession stages. A possible reason for this change is that 

in the unaffected grasslands or early succession stages, plant diversity provided niches for bacteria. 

In the late succession stage (i.e., forest), woody plant biomass (DBH as the most important variables 

[59]) was also negatively significantly correlated with soil bacterial diversity (Table A2), which 

implied that higher woody plant diversity and biomass might be prone to provide stronger plant-soil 

feedbacks for the stability rather than diversity of soil bacteria. 

 As forest progressed, plant regenerated and greatly affected soil properties such as pH, organic 

inputs, and available nutrients (Table 1). SOC, TN, AN, NO3--N, and MBN significantly correlated 

with soil bacterial alpha diversity (Table A2), indicating that soil carbon and nitrogen was important 

to the bacterial diversity [60]. It is interesting that NH4+-N did not significantly correlated with the 

relative abundances of the dominant bacterial phyla, while the reverse was true for NO3-N (Figure 

4a, Table A2), which agreed with findings that this variation in the bacterial communities might be 

caused by N fractions during forest succession [61].  

 Plant diversity has been documented to affect soil fungal communities at the global scale [62], 

which was supported by research on plant secondary succession on the Loess Plateau in China [21]. 

In general, plant diversity and composition could affect fungal composition and diversity by 

providing diverse food resources (i.e., root exudates and litter) [63,64]. For example, Ascomycota and 

Basidiomycota participate in the decomposition and rhizodeposition of organic substrates [63,65]. 

However, it was observed that soil properties especially pH mostly explained the response of the soil 

fungal community to forest succession (Figures 4b and 5b). Also, Ascomycota and Basidiomycota 

were significantly correlated with most of the soil properties, but not woody plant diversity (Table 

A2). This finding indicated that fungal community compositions (i.e., dominant phyla, Ascomycota 

and Basidiomycota) and diversity responded significantly to forest succession that depended on soil 

pH, C, and N dynamics. This phenomenon might be explained by soil property dynamics during 

forest succession under the subtropical climate and unique karst habitat.  

5. Conclusions 

Forest succession had different effects on soil bacterial and fungal diversity, community 

composition, and co-occurrence patterns. Soil bacterial diversity in the secondary forest significantly 

differed from the shrubland and primary forest, while fungal diversity was clearly discriminated 

among the three stages of karst forest succession. Co-occurrence patterns indicated that fungi had 

less but more intense relationships than bacteria among the karst forests, which indicating that 

bacteria and fungi exhibited diverse strategies to forest succession. Moreover, soil properties (i.e., pH, 

SOC, TN, AK, MBP, MBN) and woody plant diversity (Shannon index of woody plants) collectively 

mediated the bacterial community, but soil properties especially pH controlled the fungal 

community. Therefore, changes in woody plant-induced soil nutrient status would predict the 

dynamics of soil bacterial and fungal community composition and diversity during forest succession.  
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Appendix A 

 

Figure A1. Location of the study area. 
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Figure A2. Richness and Shannon-Wiener index of soil bacteria (a and c) and fungi (b and d) in the 

three karst forests. Different letters indicated significant differences between the two forest soils at 

P<0.05 level. Shrubland, shrubland; Secondary, secondary forest; Primary, primary forest. 

Table A1. Topology parameters of soil bacterial and fungal networks in the three karst forests. 

Parameters Bacteria network Fungal network 

Number of nodes 37 17 

Number of edges 124 24 

Average density 0.186 0.176 

Transitivity 0.581 0.476 

Network diameter  7 4 

Average path length  2.752 2.088 

Connectivity 1 0 

Table A2. Pearson correlation between microbial diversity, major bacterial and fungal phyla, and 

environmental factors in the karst forests. 

 
BShanno

n 

FShanno

n 

Proteobacter

ia 

Actinobacter

ia 

Acidobacter

ia 

Chlorofle

xi 

Rokubacter

ia 

Ascomyco

ta 

Basidiomyco

ta 

Mortierellomyc

ota 

pH -.224 .136 -.457** .553** .078 -.039 .240 .574** -.452** .012 

SOC -.650** .200 -.197 .589** -.110 -.464** .424* .524** -.295 .118 

TN -.618** .117 -.225 .609** -.102 -.398* .411* .478** -.261 .000 

TP -.220 -.049 -.146 .280 -.055 -.151 .204 .031 -.045 .402* 

TK .394 -.252 .381* -.466** -.020 .137 -.411* -.532** .326 -.229 

AN -.748** .275 -.065 .492** -.149 -.577** .447** .437* -.202 .054 

AP -.323 .328 -.069 .192 .006 -.354 .215 .285 -.163 .021 

AK -.486** .038 -.157 .443 .093 -.555** .331 -.031 .218 -.367 

Ca -.503** .043 -.264 .568** -.086 -.290 .394* .542** -.355* -.076 
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Mg -.297 .148 -.462** .578** .058 -.108 .341 .530** -.294 .123 

Moist .104 -.094 .528** -.622** -.229 .011 .075 -.257 .018 .107 

Tem -.253 .367* -.217 .308 .039 -.077 -.067 .521** -.361* .113 

NH4-N .036 -.293 .172 -.028 -.044 -.025 -.215 -.201 .209 -.429* 

NO3-N -.565** .251 .111 .032 -.093 -.504** .515** -.002 .008 .398* 

MBC -.042 -.296 -.270 .181 .244 -.017 .078 .115 .160 -.530** 

MBN -.578** .061 -.197 .510 -.018 -.481** .436* .393 -.140 -.023 

MBP -.238 .165 -.429* .482** .074 -.088 .225 .463** -.290 .088 

DBH -.357* .001 .112 .069 -.120 -.328 .321 -.031 .214 -.031 

S -.666** .095 -.018 .456** -.053 -.620** .446** .283 -.150 -.180 

Shanno

n 
-.535** -.028 .057 .386* -.092 -.452** .253 .212 -.111 -.350* 

**. Significant at 0.01, *Significant at 0.05. BShannon, bacterial Shannon index; FShannon, Fungal Shannon index. 

 
Proteobacteri

a 

Actinobacteri

a 

Acidobacteri

a 

Chloroflex

i 

Rokubacteri

a 

Ascomycot

a 

Basidiomycot

a 

Mortierellomycot

a 

Actinobacteria -.247        

Acidobacteria -.793** -.252       

Chloroflexi -.269 -.491** .347*      

Rokubacteria -.103 .181 -.066 -.513**     

Ascomycota -.254 .217 .153 -.172 .222    

Basidiomycota .014 -.059 .032 .048 -.020 -.783**   

Mortierellomycot

a 
.145 -.045 -.183 -.236 .065 .095 -.154  

pH -.457** .553** .078 -.039 .240 .574** -.452** .012 

SOC -.197 .589** -.110 -.464** .424* .524** -.295 .118 

TN -.225 .609** -.102 -.398* .411* .478** -.261 .000 

TP -.146 .280 -.055 -.151 .204 .031 -.045 .402* 

AP -.069 .192 .006 -.354* .215 .285 -.163 .021 

AK -.157 .443** .093 -.555** .331 -.031 .218 -.367* 

Moist .528** -.622** -.229 .011 .075 -.257 .018 .107 

NH4-N .172 -.028 -.044 -.025 -.215 -.201 .209 -.429* 

NO3-N .111 .032 -.093 -.504** .515** -.002 .008 .398* 

MBC -.270 .181 .244 -.017 .078 .115 .160 -.530** 

MBN -.197 .510** -.018 -.481** .436* .393* -.140 -.023 

MBP -.429* .482** .074 -.088 .225 .463** -.290 .088 

DBH .112 .069 -.120 -.328 .321 -.031 .214 -.031 

Shannon .057 .386* -.092 -.452** .253 .212 -.111 -.350* 
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