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Abstract

To determine the mechanisms underlying the response of microbial interactions to vegetation restoration under different climate
conditions, we examined the changes occurring at two temperature levels in soil bacterial, fungal, and protist microbiomes under
a reference cropland and a plantation forest and a shrubland. Bacterial and protist diversity levels in the high-temperature
region of Guangxi (20.9 °C) were higher in cropland than in shrubland or plantation forest. By contrast, fungal richness was
lower under cropland than shrubland. The bacterial phyla Cyanobacteria, Gemmatimonadetes, and Nitrospirae, the fungal
taxa Ascomycota and Mucoromycota, and the protist groups Ciliophora, Lobosa, and Ochrophyta had lower abundance under
vegetation restoration than cropland. There were no significant differences between shrubland and plantation forest in terms of
bacterial, fungal, or protist diversity or community composition. A co-occurrence network revealed higher numbers of correlated
links among bacterial, fungal, and protist taxa in the low-temperature region of Guizhou (14.6 °C) than Guangxi. Stronger
interactions were observed among microbial taxa under cropland than under vegetation restoration. Protist groups Cercozoa
and Lobosa showed the highest numbers of links with bacterial phyla Acidobacteria and Proteobacteria and with fungal phylum
Ascomycota. Hence, a strong food web existed among these microbiomes. Proteobacteria, Acidobacteria, Ascomycota, and
Cercozoa were correlated with soil nutrient levels. Therefore, these dominant taxa determined nutrient availability. The predation
of bacteria and fungi by protists was more intense at low temperature than high temperature. Key bacterial, fungal, and protist
groups, their co-occurrence networks, and environmental temperature influence soil nutrient accumulation during vegetation
restoration.
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Abstract

To determine the mechanisms underlying the response of microbial interactions to vegetation restoration
under different climate conditions, we examined the changes occurring at two temperature levels in soil
bacterial, fungal, and protist microbiomes under a reference cropland and a plantation forest and a shrub-
land. Bacterial and protist diversity levels in the high-temperature region of Guangxi (20.9 °C) were higher
in cropland than in shrubland or plantation forest. By contrast, fungal richness was lower under cropland
than shrubland. The bacterial phyla Cyanobacteria, Gemmatimonadetes, and Nitrospirae, the fungal ta-
xa Ascomycota and Mucoromycota, and the protist groups Ciliophora, Lobosa, and Ochrophyta had lower
abundance under vegetation restoration than cropland. There were no significant differences between shrub-
land and plantation forest in terms of bacterial, fungal, or protist diversity or community composition. A
co-occurrence network revealed higher numbers of correlated links among bacterial, fungal, and protist ta-
xa in the low-temperature region of Guizhou (14.6 °C) than Guangxi. Stronger interactions were observed
among microbial taxa under cropland than under vegetation restoration. Protist groups Cercozoa and Lobosa
showed the highest numbers of links with bacterial phyla Acidobacteria and Proteobacteria and with fungal
phylum Ascomycota. Hence, a strong food web existed among these microbiomes. Proteobacteria, Acidob-
acteria, Ascomycota, and Cercozoa were correlated with soil nutrient levels. Therefore, these dominant taxa
determined nutrient availability. The predation of bacteria and fungi by protists was more intense at low
temperature than high temperature. Key bacterial, fungal, and protist groups, their co-occurrence networks,
and environmental temperature influence soil nutrient accumulation during vegetation restoration.

Keywords :

Climate level, Co-occurrence network, Karst ecosystem, Soil nutrient, Vegetation type

1 INTRODUCTION

Soil microbes are the key drivers in nutrient cycling and storage, which in turn, determine ecosystem stability.
Microbial diversity and community composition are affected by soil nutrient availability, vegetation type, and
climate conditions (Fan et al., 2020; Liu et al., 2019a; Waldrop et al., 2006). Global warming and rainfall
strongly influence plant growth and substrate properties and influence atmospheric carbon (C) and nitrogen
(N) dynamics (such as CO2 and N2O flux) by increasing microbial activity (Crowther et al., 2019; Talukder et
al., 2021). Understanding the mechanism by which microorganisms respond to temperature and precipitation
during vegetation restoration is vital for predicting soil nutrient maintenance and the effects of global climate
change on it.

Bacteria, fungi, and protists play fundamental roles in regulating soil nutrient cycling. Bacterial and fungal
taxa utilize different substrates (Schneider et al., 2012; van der Wal et al., 2013). Most bacterial groups
such as the Proteobacteria and Actinobacteria prefer abundant resources (Baldrian et al., 2012; Fierer et al.,
2012; Schneider et al., 2012). However, certain oligotrophs such as the Acidobacteria adapt to poor nutrient
environments such as low C content (Ai et al., 2015). Compared to bacteria, fungi can tolerate extreme
environments. Ascomycota and the Basidiomycota degrade recalcitrant carbon (van der Wal et al., 2013).
Thus, the functions of bacteria and fungi differ under rich and limiting nutrient conditions. Protists directly
consume bacteria and fungi under limiting available sources and play a key role in soil food web stability
(Geisen et al., 2018, 2021). Consequently, bacterial and fungal population sizes and community compositions
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are modified by protists, which therefore, indirectly affect nutrient availability (Geisen et al., 2018). Previous
studies focused on the impact of bacterial and fungal abundance and diversity on soil nutrient cycling (Lian
et al., 2017; Xiao et al., 2017). However, the potential interactions among bacteria, fungi, and protists in co-
occurrence networks and changes in soil nutrient (C, N, and P) levels are poorly understood. Co-occurrence
patterns may involve biotic interactions (Kara et al., 2013). Vegetation restoration and climate conditions are
key factors determining soil C, N, and P availability. Hence, they indirectly affect soil microbial communities.
For this reason, it is useful and informative to explore the microbiological mechanisms controlling soil nutrient
levels under various vegetation types and climate conditions.

Variations in the soil nutrients exploited by microbial communities are influenced by vegetation type, tem-
perature, and precipitation. Plant diversity increases when cropland is converted to vegetation restoration.
There are numerous plant species under natural vegetation restoration as opposed to a single species under
managed vegetation restoration (Hu et al., 2020; Ladygina et al., 2010; Lan and Sediments, 2021). High plant
diversity increases nutrient (and especially organic C) levels through litter input and root exudates. In this
manner, it induces microbial growth and alters microbial community composition (Liu et al., 2008; Mellado-
Vázquez et al., 2016). Temperature and precipitation directly and indirectly affect microbial communities.
Low temperature and precipitation levels limit microbial growth (Pettersson and B̊åath, 2003; Pietikainen
et al., 2005; Stefan et al., 2014; Zhou et al., 2012). By contrast, elevated temperature and precipitation
stimulate plant growth and root exudation, thereby indirectly enhancing microbial activity (Zhou et al.,
2012). Climate level and vegetation type can influence microbial communities. Nevertheless, it is uncertain
whether bacterial, fungal, or protist communities differ under natural and managed vegetation restoration
on calcareous (alkaline karst) soils in response to climate change.

The karst region is distributed across southwestern China and covers an area of about 550,000 km2 (Jiang
et al., 2014). Karst ecosystems are fragile; their substrate consists of shallow, discontinuous soil (Liu et al.,
2019b; Wang et al., 2019). However, human population pressure forced agricultural expansion through the
twentieth century and rapidly degraded the land in this region (Wang et al., 2019; Wen et al., 2016). Soil
nutrient (organic C and total N) loss occurs more rapidly in karst than non-karst ecosystems when the
forest is anthropogenically converted to cultivation (Chen et al., 2012; Li et al., 2021; Zhang et al., 2013).
Several ecological restoration projects such as the ‘Grain-for-Green’ project were implemented to restore
and reconstruct vegetation in karst regions (Wang et al., 2004; Wang et al., 2019). Natural and artificial
vegetation restoration measures were then widely promoted in these areas (Hu et al., 2018; Li et al., 2021;
Wang et al., 2019). Understanding the mechanism underlying the response of microorganisms to different
restoration measures in karst region contributes to nutrient accumulation and ecosystem stability. Soil pH was
the key factor determining microbial community composition there. The relatively high pH and Ca content
characteristic of karst soil suggest that its microbial diversity and community composition differ from those
of non-karst soils in response to vegetation restoration (Hu et al., 2021; Lan and Sediments, 2021). However,
it is unknown how bacteria, fungi, protists, and their interactions regulate nutrient availability in calcareous
soils during vegetation restoration especially in response to changes in temperature and precipitation.

We selected plantation forest, a shrubland, and a cropland in the karst region and compared their soil pro-
perties and microbial (bacterial, fungal, and protist) profiles under two different climate conditions. The
aims of this study were to 1) identify the key factors contributing to changes in bacterial, fungal, and protist
diversity and community composition, 2) elucidate the interactive relationships among bacterial, fungal, and
protist groups, and 3) determine the key microbiome controllers under natural and managed vegetation re-
storation and different climate conditions. We hypothesized that 1) bacterial, fungal, and protist community
compositions differ between cropland and natural and managed vegetation restoration as microbial diversity
is relatively higher under natural than managed vegetation restoration, and 2) the associations among bac-
terial, fungal, and protist groups are stronger under high temperature and precipitation than they are under
conditions of low temperature and precipitation.
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. MATERIALS AND METHODS

2.1 Site selection and soil collection

Field sampling was conducted in Guizhou Province and the Guangxi Autonomous Region of southwestern
China. The spatial range was 104°82’–108deg37’E, 22deg42’–27deg53’N (Fig. 1). The soil type was calcareous
lithosols (limestone soil) according to the Soil Taxonomy of China and the FAO/UNESCO system of soil
classification. Samples were collected across six counties from typical karst regions with plantation forest
(PF), shrubland (SH), and reference cropland (CR). Plantation forest and shrubland comprised artificial and
natural vegetation restoration, respectively, and cultivation was abandoned there in 2002–2003. Shuicheng,
Jinsha, and Duyun counties are in Guizhou Province and Huanjiang, Mashan, and Longzhou counties are
in Guangxi Autonomous Region. The mean annual temperatures (MAT) within the Guizhou and Guangxi
sampling sites were 14.6 degC and 20.9 degC, respectively. The mean annual precipitation (MAP) levels in
Guizhou and Guangxi were 1,100 mm and 1,260 mm, respectively. Further details of the climate conditions,
geographic locations, and dominant plant species are listed in Table S1.

Soil sample collection was performed between August and October 2018. There were 54 soil samples (three
land use types x six sampling counties x three repetitions). In each 30 m x 30 m sampling field, twenty 38-
mm-diameter soil cores were collected at 15 cm soil depth and pooled. Each soil sample was passed through
a 2-mm sieve to remove rocks, roots, and organic debris. Physicochemical properties were determined for
air-dried soil. Genomic DNA was extracted from soil stored at -80 degC.

2 .2 Soil physicochemical property measurements

The pH of 10 g soil suspended in 25 mL water was measured with a glass electrode pH meter. Exchangeable
calcium (Ca) and magnesium (Mg) were displaced via compulsive exchange in 1 M ammonium acetate
(pH 7). Soil organic carbon (SOC) was measured by dichromate redox colorimetry. Particulate organic C
(POC) and mineral-associated organic C (MOC) were isolated by size fractionation (> 53 μm and < 53 μm)
and analyzed in the same way as the bulk SOC. Total N (TN) was determined using an elemental (CN)
analyzer (Vario MAX CN; Elementar, Hanau, Germany). Ammonium N (NH4

+) and nitrate N (NO3
-)

were extracted from 10 g fresh soil by extraction with 0.5 M KCl and measured with an auto flow analyzer.
Total phosphorus (TP) and available phosphorus (AP) were determined by digestion in a solution containing
H2SO4 and HClO4 and by molybdenum blue colorimetry, respectively (Hu et al., 2021; Xiao et al., 2019,
2020).

2.3 Soil DNAextraction and amplicon sequencing

The total DNA was extracted from 0.5 g soil samples using a FastDNA Spin Kit (MP Biomed-
icals, Santa Ana, CA, USA) according to the manufacturer’s instructions. DNA quality and
quantity were determined with a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA). Bacterial 16S rDNA gene was amplified using the primer pairs
338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-
3’). Fungal ITS and protist 18S rRNA genes were amplified with the primer sets
ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’)/ITS2R (5’-GCTGCGTTCTTCATCGATGC-
3’) and TAReuk454FWD1 (5’-CCAGCA(G/C)C(C/T)GCGGTAATTCC-3’)/TAReukREV3 (5’-
ACTTTCGTTCTTGAT (C/T)(A/G)A-3’), respectively. Samples were distinguished by attaching
barcode sequences to each primer.

PCR was performed in a 20 μL mixture containing 4 μL of 5× FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8
μL of 5 μM forward and reverse primers, 0.4 μL TaKaRa rTaq DNA polymerase (TaKaRa Bio Inc., Shiga,
Japan), 0.2 μL BSA, 10 ng template DNA, and 20 μL ddH2O. The thermal cycles for the 16S rDNA and
ITS genes were, 95 °C for 3 min, 27 cycles and 35 cycles for 16S rDNA and ITS genes, respectively, 95 °C
for 30 s, 55 °C for 30 s, 72 °C for 45 s, and a final extension at 72 °C for 10 min. The PCR program used
for protist 18S rRNA gene was, initial denaturation at 95 °C for 5 min, 10 cycles of denaturation at 94 °C
for 30 s, annealing at 57 °C for 45 s, extension at 72 °C for 60 s, 25 cycles of denaturation at 94 °C for 30 s,
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. annealing at 45 °C, 47 °C, 48 °C, and 49 °C for 45 s each, extension at 72 °C for 60 s, and a final extension
at 72 °C for 2 min. PCR was performed at Shanghai Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China) on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA).

2.4 Sequence analysis

Bioinformatic analyses of all three amplicons were performed with QIIME 2 2021.2 (Bolyen et al., 2019). The
raw reads were imported into the QIIME 2 environment and denoised with the DADA2 algorithm via the
q2-data2 plugin (Callahan et al., 2016). Operational taxonomic units (OTUs) were selected at 97% sequence
similarity in the q2-vsearch plugin (Rognes et al., 2016). OTU taxonomies for bacteria, fungi, and protist
were assigned using the q2-feature-classifier (Bokulich et al., 2018) vs. the SILVA v132 (Quast et al., 2012),
UNITE v8.3 (Nilsson et al., 2019), and PR2 (V4.13.0) (Guillou et al., 2012) reference sequences, respectively.
Alpha-diversity metrics (richness and Shannon index) were calculated in the “RAM” package of R (R Core
Team, Vienna, Austria).

2.5 Statistical analysis

Data were processed in R v. 3.6.3 (R Core Team). Significant differences in microbial diversity, microbial
groups, and environmental factors among vegetation types were analyzed by one-way ANOVA and Duncan’s
post hoc test (p < 0.05). Three-way nested PERMANOVA was used to determine the main and interactive
effects of MAT, MAP, and vegetation type on microbial diversity and community composition (Xiao et al.,
2019). Non-metric multidimensional scaling (NMDS) was performed to reveal dissimilarities in microbial,
fungal, and protist community composition among treatments. Pearson’s correlation coefficients and the
Mantel test were applied to determine the relationships among environmental factors (geographical factors,
climatic conditions, and soil properties), microbial diversity, and community composition.

To determine the structure and identify interactions among microbial groups, bacterial, fungal, and protist
community networks were constructed across all samples and vegetation types under low (GZ) and high (GX)
climate conditions. Spearman correlations were calculated to clarify the associations among the microbial
taxa detected in > 1/3 of all samples per network. Significant Spearman associations (ρ > 0.75; 1,000-
fold permutations; p< 0.05) and the corresponding OTUs served as network nodes and edges, respectively.
Positive and negative associations suggested cooperative and competitive relationships, respectively. Network
properties such as node, edge, density, and degree were calculated in each network using the “igraph” package
in R (R Core Team) (Csardi and Nepusz, 2006).

Structural equation modeling (SEM) based on SPSS Amos 21 (IBM Corp., Armonk, NY, USA) was con-
ducted to evaluate the causal relationships among MAT, vegetation type, soil property, and microbial com-
munity composition (Hu et al., 2021; Yang et al., 2017). To simplify the SEM, a principal component
analysis (PCA) of the first component (PC1) was applied to represent soil properties and microbial commu-
nity compositions based on bacterial, fungal, and protist NMDS axes 1 and 2. Soil properties included pH,
soil exchangeable Ca2+ (Ca), soil exchangeable Mg2+(Mg), soil organic carbon (SOC), particulate organic
carbon (POC), mineral-associated organic carbon (MOC), total nitrogen (TN), ratio of soil carbon to soil
nitrogen (C/N), ammonium nitrogen (NH4

+), nitrate nitrogen (NO3
-), total phosphorus (TP), and available

phosphorus (AP).

3 RESULTS

3.1Bacterial, fungal, and protist diversity and community composition

Only bacterial diversity was affected by temperature (Table 1). Bacterial richness and the Shannon indices for
plantation forest and shrubland were lower in Guangxi (high temperature) than Guizhou (low temperature)
(Fig. 2a). Vegetation type significantly affected bacterial, fungal, and protist diversity (Table 1). Bacterial
richness and Shannon index were lower under shrubland than cropland (except for richness in Guizhou) (Fig.
2a). Fungal richness was higher in shrubland than cropland under both climate conditions (Fig. 2b). At
Guangxi, protist Shannon index was lower under plantation forest and shrubland than cropland. Cropland
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. protist richness was higher than that of shrubland at Guangxi (Fig. 2c). There were no differences between
plantation forest and shrubland in terms of bacterial, fungal, and or protistan diversity (Fig. 2).

Across all sites, phylum-level bacterial community composition was dominated by Actinobacteria (29.3%),
Proteobacteria (25.6%), and Acidobacteria (16.7%) (Fig. 3a). The most abundant fungal phyla were As-
comycota (45.0%) and Basidiomycota (27.9%) (Fig. 3b). The main protist phyla were Cercozoa (33.9%) and
Apicomplexa (22.1%) (Fig. 3c). NMDS ordination revealed that bacterial, fungal, and protist community
composition differed among vegetation types between Guizhou and Guangxi. Bacterial, fungal, and protist
community composition differed between cropland and vegetation recovery but were similar between plan-
tation forest and shrubland (Figs. 3d-f). Temperature and vegetation type significantly affected bacterial,
fungal, and protist community composition (Table 1).

The relative abundance of Proteobacteria (bacteria) under all vegetation types was lower at Guangxi than
Guizhou (Table S2, Fig. S2). The relative abundance of Mucoromycota (fungi) was higher under plantation
forest and shrubland at Guizhou than it was at Guangxi (Table S3, Fig. S3). The relative abundance of Cer-
cozoa (protist) was higher under plantation forest and shrubland at Guizhou than it was at Guangxi (Table
S4, Fig. S4). Relative bacterial phyla Cyanobacteria, Gemmatimonadetes, and Nitrospirae abundances were
higher under cropland than plantation forest or shrubland. Relative Proteobacteria and Verrucomicrobia
abundances were higher under shrubland than cropland (Table S2, Fig. S2). Relative fungal phyla As-
comycota and Mucoromycota abundances were higher under cropland than plantation forest and shrubland.
Nevertheless, the opposite was true for Basidiomycota (Table S3, Fig. S3). Relative protist phyla Ciliophora,
Lobosa, and Ochrophyta abundances were higher under cropland than plantation forest or shrubland. How-
ever, the opposite was true for Apicomplexa (Table S4, Fig. S4).

3.2 Co-occurrence networks amongbacterial, fungal, and protist taxa

Microbiome network complexity was greater at Guizhou (GZ) than Guangxi (GX). There were more nodes
and edges under GZ than GX. The most densely connected network occurred under cropland (Table 2, Fig.
4). There were fewer positive and negative correlation links among bacterial, fungal, and protist taxa under
vegetation restoration than cropland. Shrubland had the fewest positive and negative correlation links among
microbial taxa (Fig. 4). Node connectivity was greater under cropland than plantation forest or shrubland.
Shrubland had the fewest node connections. Under all vegetation and both climate types, bacteria had the
most nodes, followed by fungi and protists (Table 2, Fig. S5).

Acidobacteria (bacteria), Ascomycota (fungi), and Cercozoa (protist) formed remarkably centralized net-
works and showed the most links with other microbial groups (Table S5, Fig. 4). Bacterial phyla Acidobac-
teria and Proteobacteria were the most closely connected with Ascomycota and Cercozoa. The strongest
and most numerous links between fungal and protist taxa were determined for Ascomycota and Cercozoa,
followed by Ascomycota and Lobosa (Table S5). There were more interactions between bacterial and fungal
taxa (edge links) than there were between bacterial and protist taxa or between fungal and protist taxa.
The proportions of edges linking bacteria to protists were lower under plantation forest and shrubland than
cropland. Conversely, the proportions of edges linking fungi to protists were higher under plantation forest
and shrubland than cropland (Table 2).

3.3 Relationships among environmental factors and bacterial, fungal, and protist communities

The various bacterial, fungal, and protist taxa had different effects on soil carbon (SOC, POC, and MOC),
nitrogen (TN, NH4

+, and NO3
-), and phosphorus (TP and AP). More bacterial, fungal, and protist OTUs

correlated with C and N than they did with P (Fig. 5). For bacterial taxa, soil SOC, POC, and MOC
were most strongly correlated with Proteobacteria. Acidobacteria and Proteobacteria had the most OTUs
correlated with soil TN, NH4

+, NO3
-, TP, and AP (Fig. 5a). Soil carbon (SOC, POC, and MOC), nitrogen

(TN, NH4
+, and NO3

-), and phosphorus (TP and AP) were strongly correlated with fungal phyla Ascomycota
(Fig. 5b). Protist phyla Cercozoa were strongly correlated with soil C, N, and P (Fig. 5c).

Pearson’s correlation coefficients showed that bacterial richness and Shannon index were negatively correlated
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. with MAT, MAP, and MOC but positively correlated with latitude and altitude (Fig. 6a). Fungal diversity
was not significantly correlated with any geographical factor, climate condition, or soil property (Fig. 6b).
Protist diversity was positively correlated with AP but negatively correlated with SOC, POC, TN, and NH4

+

(Fig. 6c). Bacterial, fungal, and protist community compositions were strongly affected by environmental
factors (geography, climate, and soil physicochemistry) (Fig. 6).

Structural equation modeling (SEM) evaluated the linkages among environmental factors and microbial
community composition, and ranked the relative importance of each driver on the microbial communities.
Temperature and vegetation type directly influenced soil property and indirectly affected bacterial, fungal,
and protist community composition. MAT had greater standard total effect on bacterial and fungal commu-
nity composition than it did on protist community composition. Vegetation type had the highest standard
total effect on protist community composition followed by fungal community composition and bacterial com-
munity composition. Bacterial and fungal community composition was affected by MAT and vegetation
type. Moreover, vegetation type and soil property had greater influences than MAT on protist community
composition (Fig. 7).

4 DISCUSSION

4.1 Bacterial, fungal, and protist communities differ among climate and vegetation types

Bacterial diversity was significantly affected by MAT and vegetation type, whereas fungal and protist diver-
sity were influenced by the vegetation type alone. Elevated temperatures in humid regions enhance SOM
decomposition by accelerating microbial activity and turnover (Allison et al., 2010; Zhao et al., 2019a). The
high soil exchangeable Ca content of karst soil inhibits SOM decomposition by forming stable aggregates
(Briedis et al., 2012; Wiesmeier et al., 2019). Our previous study found that high exchangeable Ca during
vegetation restoration improves SOC accumulation and negates the effect of temperature increases on SOC
decomposition (Hu et al., 2021). The fact that MOC was higher under the plantation forest and shrubland of
Guangxi than it was under those of Guizhou suggests that readily decomposable organic C was more rapidly
degraded than recalcitrant C at high temperatures (Fig. S1; Samal et al., 2020). Hence, labile organic C
decreased with increasing temperature. Bacterial groups could be stimulated under the condition of high
labile organic C (Poll et al., 2008). Consequently, there was higher bacterial diversity under the plantation
forest and shrubland of Guizhou than there was under those of Guangxi. In contrast to bacteria, mycorrhizal
and other fungi are highly dependent on their mutualistic relationships with plants (Newsham et al., 2009;
Schmidt et al., 2014). Fungi utilize the polymerized litter fraction such as lignin and cellulose (Fontaine
et al., 2011). High plant residue input under plantation forest and shrubland increases fungal diversity by
supplying abundant organic substrates (Chen et al., 2017; Waldrop et al., 2006). This phenomenon explains
our observation that fungal richness was greater under plantation forest and shrubland than it was under
cropland except for plantation forest at Guizhou. Conversely, the bacterial Shannon index was higher under
cropland than shrubland. Bacteria have a growth advantage over fungi in highly fertile agricultural soils
(Cai et al., 2018). Enhanced bacterial diversity under cropland promotes protist consumers and results in
higher protist diversity under cropland than vegetation restoration after cropland abandonment (Guo et al.,
2018). Overall, these results suggest that high fungal diversity under vegetation restoration may contribute
to SOC accumulation by stimulating plant residue decomposition.

Temperature and vegetation type influenced bacterial, fungal, and protist community composition. Bacterial
phylum Proteobacteria prefer labile organic carbon and their abundance is positively correlated with C/N
(Fierer et al., 2007; Hermans et al., 2017). Here, C/N was higher at Guizhou than Guangxi (Fig. S1).
Therefore, Proteobacteria had higher relative abundance at the former than the latter location. Compared
with cropland, shrubland provided greater available organic C by increasing plant residue inputs. For
this reason, Proteobacteria were more abundant under shrubland than cropland. Basidiomycota include
symbiotic fungi while Ascomycota include free-living saprotrophs (Baldrian et al., 2011; Read and Perez-
Moreno, 2003). Basidiomycota promote plant litter decomposition (Baldrian et al., 2011; Toljander et al.,
2006). Consequently, there was greater Basidiomycota abundance under plantation forest and shrubland
than cropland. Moreover, Ascomycota abundance was greater under high-AP conditions (Dang et al., 2017).
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. Thus, relative Ascomycota abundance was higher under cropland than plantation forest or shrubland because
cropland had comparatively higher AP content (Figs. S1 and S3). In general, anthropogenic disturbance
and environmental pressure are greater in cropland than plantation forest or shrubland (Santos et al., 2020).
Protist community composition under cropland was markedly different from that vegetation restoration
(Grossmann et al., 2016; Santos et al., 2020; Schulz et al., 2019). For this reason, Ciliophora, Lobosa,
and Ochrophyta were more abundant under cropland than they were under plantation forest or shrubland.
Certain Apicomplexa are plant parasites and were more abundant under plantation forest and shrubland
than they were under cropland (Seppey et al., 2020). Taken together, the foregoing observations indicate
that bacterial, fungal, and protist community composition markedly differ between cropland and vegetation
restoration.

Contrary to our hypothesis, bacterial, fungal, and protist diversity and community composition under plan-
tation forest and shrubland were similar in the subtropical karst region. The southwestern karst region is
geologically fragile, and intense anthropogenic disturbance there has led to rapid nutrient loss (Wang et al.,
2019; Wen et al., 2016; Xu et al., 2021; Zhang et al., 2013). In general, soil nutrient levels were limited
in the early stages of plantation forest and shrubland restoration in the southwestern karst region (Hu et
al., 2021). Soil available nutrient levels are key factors regulating microbial diversity and community com-
position. As bioavailable nutrient content was similar between plantation forest and shrubland, they did
not differ in terms of microbial diversity or community composition as vegetation restoration progressed.
Nevertheless, plant diversity was greater in shrubland than it was in single-species plantation forest (Hu et
al., 2020). These results suggest that in the karst region with plantation forest and shrubland restoration,
nutrient availability plays a more important role than the plant community in determining bacterial, fungal,
and protist communities.

4.2 Elevated temperature and precipitation weaken microbial interactions within the co-
occurrence networks

The soil microbiome network plays a key role in helping us understand potential biotic interactions there
(Feng et al., 2021; Sanaei et al., 2021; Zhao et al., 2019b). Interspecific interactions among bacterial, fungal,
and protist groups were stronger at Guizhou than Guangxi. This finding was contrary to our hypothesis.
There were more bacterial nodes (OTUs) than fungal or protist nodes. Hence, there were large, ubiquitous
bacterial populations. Readily decomposable organic C should augment bacterial diversity to a greater extent
at Guizhou than Guangxi (Poll et al., 2008; Samal et al., 2020). High bacterial diversity fosters linkages
with fungi and protists. There were more bacterial nodes at Guizhou than Guangxi. By contrast, fungi and
protists had similar numbers of nodes at both locations. These results suggest stronger network interactions
at Guizhou than Guangxi primarily because bacterial diversity was greater than fungal or protist diversity
at both locations. Similarly, elevated bacterial diversity under cropland resulted in a greater number of
network interactions than those under plantation forest or shrubland. Fungi are more tolerant of high soil
C/N than bacteria (De Deyn et al., 2008; Wang et al., 2015). Fungi might grow better in plantation forest
and shrubland soil than in cropland soil as the latter has comparatively lower C/N (Fig. S1m). Fungi are
vital plant biomass decomposers and degrade plant litter containing lignin and cellulose (Fontaine et al.,
2011; Zeilinger et al., 2016). At this case, correlations among fungal and protist taxa were stronger under
plantation forest and shrubland than cropland. Thus, the fungal community plays a crucial role in vegetation
restoration.

Co-occurrence patterns can also identify keystone and indicator taxa (Fournier et al., 2020; Wang et al., 2021).
Bacterial phyla Acidobacteria and Proteobacteria, fungal phyla Ascomycota and Basidiomycota, and protist
phyla Cercozoa and Lobosa formed the most links with other microbial groups and are, therefore, potentially
vital to soil food webs. Protists prey on bacteria and fungi, thereby modifying microbial communities
(Geisen et al., 2018). Cercozoa and Lobosa are phagotrophs that consume Acidobacteria, Proteobacteria, and
Ascomycota (de Araujo et al., 2018; Seppey et al., 2020). These predator-prey relationships were stronger at
Guizhou than Guangxi. Hence, predation of microbial decomposers by protists is more important at low than
high temperature (Geisen et al., 2021). Soil moisture content was usually higher at Guizhou than Guangxi
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. because low temperature partially retards evaporation. Protist movement, feeding, and multiplication are all
affected by the water films in the soil pore spaces (Ritz, 2011; Stefan et al., 2014). Consequently, predation
of bacteria and fungi by protists was strong in Guizhou soil.

4.3 Predominant factors governing bacterial, fungal, and protist communities

Soil C, N, and P were strongly linked to Proteobacteria, Acidobacteria, Ascomycota, and Cercozoa (Fig. 5).
Nutrient cycling-related Proteobacteria and Acidobacteria are copiotrophic and oligotrophic, respectively,
and are sensitive to changes in nutrient levels (Ai et al., 2015; Fierer et al., 2007). Increasing soil C and
N availability stimulates Proteobacteria growth whereas Acidobacteria prefer to live under nutrient-poor
conditions (Ai et al., 2015; Dai et al., 2018; Fierer et al., 2012). Ascomycota are free-living saprotrophic
fungi that are involved in organic matter decomposition and regulate resource availability (Baldrian et al.,
2011; Chen et al., 2021). Here, Proteobacteria, Acidobacteria, Ascomycota, and Cercozoa were the dominant
taxa and played important roles in modulating the soil C, N, and P nutrient content.

In this study, temperature, vegetation type, and soil properties markedly influenced the composition of
bacterial, fungal, and protist communities. Temperature was the key climate factor affecting bacterial and
fungal community composition. Bacterial and fungal activity increased with soil temperature in the range of
5–30 °C (BÁRcenas-Moreno et al., 2009; Pettersson and B̊åath, 2003; Pietikainen et al., 2005). The increased
in soil temperature improved the growth of certain bacterial and fungal taxa, thereby altering bacterial and
fungal community composition. Fungi, such as mycorrhizal fungi form beneficial mutualistic association
with the roots of their plant host (Johnson et al., 2004; Smith and Read, 2010). Compared with bacterial
community composition, fungal community composition was more strongly affected by vegetation type.
However, protist community composition was more sensitive to vegetation type and soil physicochemistry
than it was to soil temperature. These discoveries confirm those of previous studies reporting that differences
in precipitation rate and water availability rather than changes in soil temperature were limiting factors
influencing protist abundance (Stefan et al., 2014). Taken together, temperature and vegetation were the
primary factors for predicting the changes in bacterial and fungal community composition, while vegetation
and soil property are the main determinants of protist taxa.

5. CONCLUSIONS

The present study revealed that soil bacteria, fungi, protists, and the food webs they form respond differently
to vegetation type depending on the ambient temperature. We demonstrated that bacterial, fungal, and
protist diversity and community composition differed under vegetation restoration and cropland. However,
bacterial, fungal, and protist diversity and community composition were similar under plantation forest
and shrubland because the soils under these vegetation types had similar nutrient profiles. There were
significant differences in bacterial, fungal, and protist community composition between Guizhou (MAT,
14.6 °C) and Guangxi (MAT, 20.9 °C) because of the substantial temperature difference between these
regions. The low temperature at Guizhou strengthened interspecific interactions among bacterial, fungal,
and protist taxa. There might have been relatively greater bacterial diversity at Guizhou than at Guangxi.
Similarly, high bacterial diversity in cropland soil caused to stronger interactions in the microbiome network
under cropland than under plantation forest or shrubland. Hence, it is primarily bacteria that shape the co-
occurrence networks among microbial taxa. The protist phyla Cercozoa and Lobosa prey upon the bacterial
phyla Acidobacteria and Proteobacteria, and the fungal phylum Ascomycota. Proteobacteria, Acidobacteria,
Ascomycota, and Cercozoa predominated in the karst and regulated the variations in the C, N, and P
nutrient levels in the soils there. Bacterial and fungal community compositions were strongly affected by
changing temperature and vegetation type whereas protist community composition was influenced mainly
by vegetation type and soil properties. Taken together, these findings underscore the importance of evaluating
the relationships among bacterial, fungal, and protist taxa during vegetation restoration. They also suggest
that temperature must be considered in during soil nutrient cycling as microbial interactions are strongly
influenced by it. Fungi were comparatively more dependent than bacteria on plant community. Nevertheless,
in the present study, we did not compare plant diversity between plantation forest and shrubland. Future
studies should integrate plant characteristics and examine the complex relationships among microorganisms
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. and vegetation.
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