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Soil bacteria play an important role in regulating the process of vegetation restoration in karst ecosystems. However, the effects of vegetation restoration for different cultivated pastures on soil bacterial communities in the karst rocky desertification regions remain unclear. Therefore, we hypothesized that mixed pasture is the most effective for soil bacterial communities among different vegetation restorations. In this study, we systematically studied the soil properties and soil bacterial communities in four vegetation restoration modes [i.e., Dactylis glomerata pasture (DG), Lolium perenne pasture (LP), Lolium perenne + Trifolium repens mixed pasture (LT), and natural grassland (NG)] by using 16S rDNA Illumina sequencing, combined with six soil indicators and data models. We found that the vegetation restoration of cultivated pastures can improve the soil nutrient content compared with the natural grassland, especially LT treatment. LT treatment significantly increased the MBC content and Shannon index. The vegetation restoration of cultivated pastures significantly increased the relative abundance of Proteobacteria, but LT treatment significantly decreased the relative abundance of Acidobacteria. Soil pH and MBC significantly correlated with the alpha diversity of soil bacterial. Soil pH and SOC were the main factors that can affect the soil bacterial community. FAPROTAX analysis showed LT treatment significantly decreased the relative abundance of aerobic chemoheterotrophs. The results showed that the bacterial communities were highly beneficial to soil restoration in the LT treatment, and it confirmed our hypothesis. This finding provides a scientific reference for the restoration of degraded ecosystems in karst rocky desertification areas.
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INTRODUCTION

Karst is a special topography or landscape that develops on carbonate rocks like limestone, dolomite, or marble (Tang et al., 2019). Karst landscapes are abundant on the earth’s surface, accounting for approximately 15% of the global land (Yuan, 1991), which can provide drinking water for nearly 20–25% of the global population (Ford and Williams, 2007). In China, not only carbonate rocks are widely distributed but also the karst phenomena are common, with various types, forms, and strong development (Jiang et al., 2014). The karst area in southern China with Guizhou as the center reaches 1.24 million km2, with the largest area of continuous exposed carbonate rocks and the strongest karst development among the three major karst-concentrated distribution areas in the world (Xiong et al., 2002). The karst parent rock has a slow soil formation rate, shallow soil layers, broken ground, and concentrated rainstorms, especially disturbed by traditional unprotected farming activities, which can easily cause damage to native vegetation, serious soil erosion, and rocky desertification (Xiong et al., 2017; Chen et al., 2020; Hu and Lan, 2020). Karst rocky desertification is a land degradation process that includes severe soil erosion, extensive exposure of bedrocks, sharp decline in soil productivity, and the emergence of desert-like landscapes, which had become the main ecological disaster that seriously hinders the economic development of southwest China (Xiong et al., 2002).

In order to control the rocky desertification, a large number of ecological restoration projects have been carried out in the karst areas of southwest China. The primary task of comprehensive management of rocky desertification is the restoration and reconstruction of vegetation (Li et al., 2003). In the favorable succession of natural vegetation, grass is the pioneer plant for vegetation restoration and improvement of ecological environment (Qi et al., 2013). The Grain for Green program and the establishment of cultivated pastures are an important part of the restoration of degraded ecosystems (Zhao F. et al., 2019). According to statistics, the area of ecological measures led by the establishment of cultivated pasture has exceeded 10,000 km2 (Liu et al., 2021; Qiao et al., 2021). The relevant studies have shown that the establishment of cultivated pastures can reduce the risk of soil erosion, protect the soil surface (Momesso et al., 2022), and improve soil quality and nutrient content (Baptistella et al., 2020). At the same time, it can also provide services for the agricultural ecosystem and improve crop yield (Bonner et al., 2020), which is the last barrier to protect the fragile ecological environment and plays an irreplaceable role in the process of vegetation restoration (Chi et al., 2020).

Soil and vegetation are the most sensitive natural elements in the karst environment (Xiong et al., 2002). Soil degradation not only alters plant composition and reduces the aboveground and underground biomass (Peng F. et al., 2020) but also affects soil nutrient cycling and changes the soil bacterial community diversity (Pan et al., 2018). Vegetation restoration has the potential to restore and improve soil quality and soil microbial diversity in the degraded areas, and it is one of the widely used strategies to restore degraded ecosystems globally (Morrien et al., 2017; Dong et al., 2022). As the most active part of soil, soil microbes are widely involved in energy flow and material cycle in ecosystems, and it is the main driving force of geochemical cycles (Crowther et al., 2019). Soil microbes have important effects on plant health, soil productivity, and ecosystem functioning (Connell et al., 2021). As the most numerous microbial taxa, bacteria are the most important decomposers of soil organic matter and litter, and they play an important role in promoting nutrient cycling and regulating ecosystem processes (Yang et al., 2021) and in determining the development direction of degraded ecosystems (Singh, 2015). Soil bacterial communities are extremely sensitive to environmental changes, and small changes in environmental factors can cause changes in their diversity and quantity, so they are often used as indicators of ecosystem changes (Sui et al., 2019). At present, the knowledge of the factors driving the soil microbial community structure and diversity is still limited, so it is of great significance to explore the intrinsic relationship between these two under different vegetation restorations (Wang G. Z. et al., 2021). Therefore, studying the composition and changes of soil bacteria will help us not only better understand the process of ecosystem degradation and restoration but also predict and control the development of degraded ecosystems (Sun et al., 2022).

The karst area of southwest China is one of the typical fragile ecosystems in the world with a fragile ecological environment, serious rocky desertification, and prominent contradiction between human and land (Wang et al., 2019). Soil function restoration in the karst areas is crucial for the regeneration of the degraded ecosystems (Guo et al., 2019), and current research in this area mainly focuses on the impact of vegetation succession on soil function. For example, Li et al. (2021) studied the changes of soil microbial communities during the succession of vegetation from bare rock to arbor forest. Mi et al. (2021) studied soil genetic diversity of bacteria and fungi in different vegetation successions (grassland, shrub, natural forest, and secondary forest) in karst areas. Wang G. Z. et al. (2021) explored the effects of secondary succession on the composition and diversity of soil fungi and bacteria in karst areas. However, there less research that has been done on the restoration of artificial vegetation in karst areas (Lu et al., 2022). Furthermore, few studies have focused on bacterial communities and environmental factors under several different artificial vegetation restorations (Chen et al., 2020). At present, the difference between the natural restoration and artificial grass planting of fragile ecosystems in the karst rocky desertification control area in southwest China is unclear, and also the differences in soil microbial communities between different restorations of cultivated pastures are unclear.

In this study, we aimed to (1) investigate changes in soil chemical indices and microbial biomass after 10-year vegetation restoration in different cultivated pastures; (2) assess the effects of different vegetation restorations on soil bacterial structure and diversity; and (3) determine the relationship between soil bacterial communities and environmental factors. We hypothesized that mixed pastures had the most effective on soil bacterial communities among vegetation restorations. To test this hypothesis, we investigated the soil properties and soil bacterial communities in four vegetation restoration modes [i.e., Dactylis glomerata pasture (DG), Lolium perenne pasture (LP), Lolium perenne + Trifolium repens mixed pasture (LT), and natural grassland (NG)] by using 16S rDNA Illumina sequencing, combined with six soil indicators and data models. We found that LT treatment can significantly improve the soil nutrient content and soil microbial biomass, significantly increase the relative abundance of Proteobacteria, but significantly decrease the relative abundance of Acidobacteria and aerobic chemoheterotrophs compared with other vegetation restoration modes. This study provided a scientific basis for the vegetation restoration management of karst-degraded ecosystems in southwest China.



MATERIALS AND METHODS


Study Area and Sampling

The study area is a demonstration area for the karst rocky desertification control in Salaxi Town, Bijie city, Guizhou Province, China (105°02′01[image: image]-105°08′09[image: image]E, 27°11′36[image: image]-27°16′51[image: image]N), belonging to a typical light-to-moderate rocky desertification area, with an average altitude of 1,600 m. The area has a mid-subtropical monsoon climate, an annual average temperature of 12°C, a frost-free period of 245 days, an annual average sunshine duration of 1,360 h, and an average annual rainfall of 984.4 mm. The seasonal distribution of precipitation is uneven, with more than 80% of the precipitation concentrated in June to September. The soil is developed from limestone, and the main soil type is yellow soil. The vegetation is dominated by Cyclobalanopsis glauca, Pyracantha fortuneana, Rhododendron simsii, and Pinus yunnanensis. The rocky desertification area is 55.931 km2 in the study area, accounting for 64.93% of the total area of the demonstration area. In order to control rocky desertification, the research group cultivated pasture in the study area in 2012. The pastures were planted mainly including perennial ryegrass (Lolium perenne), white clover (Trifolium repens), and orchardgrass (Dactylis glomerata). The methods of cultivated pasture were single and mixed sowing. In addition to the restoration with cultivated pasture, there was also a restoration method of natural grassland. Natural grassland mainly included Artemisia lavandulaefolia, Chenopodium glaucum, Clinopodium chinense, Plantago asiatica, Stellaria media, Digitaria sanguinalis, and Polygonum hydropiper.

In mid-April 2021, the Dactylis glomerata pasture (DG), Lolium perenne pasture (LP), Lolium perenne + Trifolium repens mixed pastures (LT), and natural grassland (NG) with the same site conditions were selected as the test sample plots in the study area, and the natural grassland (NG) as a control. Each test plot was set up with six sampling plots of 10 m × 10 m (24 sampling plots in total), and the distance between plots and the boundary of the plot was greater than 10 m. In each sampling plot, the S-shaped multi-point sampling method was used, and 15 sampling points were evenly set (the sampling points were about 3 cm away from the base of the plant). After removing the litter layer on the soil surface, soil samples at the surface (0–10 cm) were collected with a soil drill. To avoid spatial heterogeneity, soil samples from 15 sampling points were mixed into one replicate, and a total of 24 soil samples were obtained. After removing impurities from the soil samples, which were divided into two parts: one part was placed in sterilized 15-ml centrifuge tubes, stored in liquid nitrogen, and transported back to the laboratory, where these samples were stored in a −80°C freezer for 16S rDNA analysis; another part of the soil samples was air-dried indoors and then passed through a 2-mm sieve for the determination of soil properties.



Determination of Soil Property

Soil pH was determined by using a glass electrode using a 1:2.5 soil/water mixture, soil organic carbon (SOC) was determined by using the potassium dichromate oxidation–external heating method, total nitrogen (TN) was determined by using the sulfuric acid catalyst digestion–Kjeldahl method, and total phosphorus (TP) was determined by using the concentrated sulfuric acid digestion–Mo-Sb colorimetric method (Bao, 2000), and then the continuous flow analyzer (SYSTEA, FLOWSYS, Italy) was used to determine soil TN and TP. The chloroform fumigation–extraction method (Lin, 2010) and the elemental analyzer (FlashSmart, Thermo Fisher, United States) were used to determine the soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN).



DNA Extraction and Amplicon Sequencing

DNA was extracted using the TGuide S96 Magnetic Soil DNA Kit [Tiangen Biotech (Beijing) Co., Ltd.] according to the manufacturer’s instructions. The DNA concentration of the samples was measured using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). The 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′ universal primer set was used to amplify the V3-V4 region of 16S rRNA gene from the genomic DNA extracted from each sample. Both the forward and reverse 16S primers were tailed with sample-specific Illumina index sequences to allow for deep sequencing. The PCR was performed in a total reaction volume of 10 μl: DNA template 5–50 ng, *Vn F (10 μM) 0.3 μl, *Vn R (10 μM) 0.3 μl, KOD FX Neo Buffer 5 μl, dNTP (2 mM each) 2 μl, KOD FX Neo 0.2 μl, and ddH2O up to 10 μl. Vn F and Vn R were selected according to the amplification area. After that, the following steps were carried out: initial denaturation at 95°C for 5 min, followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 40 s, and a final step at 72°C for 7 min. The total of PCR amplicons were purified with Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) and quantified using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). After the individual quantification step, amplicons were pooled in equal amounts. For the constructed library, Illumina NovaSeq 6000 (Illumina, Santiago CA, United States) was used for sequencing.



Sequence Analysis

The bioinformatics analysis of this study was performed with the aid of the BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China). According to the quality of single nucleotides, raw data were primarily filtered by Trimmomatic (version 0.33) (Edgar, 2013). Identification and removal of primer sequences were processed by Cutadapt (version 1.9.1) (Callahan et al., 2016). PE reads obtained from previous steps were assembled by USEARCH (version 10) (Segata et al., 2011), followed by chimera removal using UCHIME (version 8.1) (Quast et al., 2013). The high-quality reads generated from the aforementioned steps were used in the following analysis. Sequences with a similarity ≥ 97% were clustered into the same operational taxonomic unit (OTU) by USEARCH (v10.0) (Edgar, 2013), and the OTUs with re-abundance < 0.005% were filtered. Taxonomy annotation of the OTUs was performed based on the Naive Bayes classifier in QIIME2 (Bolyen et al., 2019) using the SILVA database (release 132) (Quast et al., 2013) with a confidence threshold of 70%. The alpha diversity was calculated and displayed by QIIME2 and R software, respectively. Beta diversity was determined to evaluate the degree of similarity of microbial communities from different samples using QIIME.



Statistical Analysis

The taxonomic alpha diversity (i.e., Shannon–Wiener index, abundance-based coverage estimators (ACE), and Chao 1) was analyzed by QIIME2 software. The shared and unique OTUs among samples were used to generate Venn diagrams. Differences in soil properties, bacterial diversity indices, and differential OTUs (relative abundance > 1%) among different vegetation restorations were tested by one-way analysis of variance (ANOVA), multiple comparisons (Duncan’s multiple range test), and the least significant difference by using IBM SPSS Statistics 19.0 (version 19.0; SPSS, Chicago, IL, United States). Principal coordinate analysis (PCoA) was analyzed the beta diversity between different samples based on the Bray–Curtis distance matrix by using QIIME, and the analysis of the dissimilar test was carried out in ANOSIM. The relative abundance of bacterial phylum and ecological function prediction of soil bacterial community was converted from the percentages to a log series to fulfill normality of residuals. The Pearson correlation analysis method was used to analyze the correlation between environmental factors and alpha diversity of soil bacterial community. Redundancy analysis (RDA) based on forward selection was used to select the explanatory environmental factors that had a significant (P < 0.05) impact on the variation of the soil bacterial community. The analysis of the Monte Carlo permutation test was performed to test the correlation of environmental factors with bacterial community composition by using Canoco (version 5.0 for Windows; Ithaca, NY, United States). Functional Annotation of Prokaryotic Taxa database 12 (FAPROTAX, v1.2.3) was used to predict ecologically relevant functions of bacteria derived from 16S rRNA amplicon sequencing, which is widely used for biogeochemical cycling processes in environmental samples (especially carbon, hydrogen, and element cycles such as nitrogen, phosphorus, and sulfur) for functional annotation prediction (Sansupa et al., 2021).




RESULTS


Soil Properties and Soil Microbial Biomass Under Different Vegetation Restorations

In the 10-year vegetation restoration, soil properties changed significantly (P < 0.05) under different vegetation restoration treatments (Figures 1A–D). The SOC content varied from 9.9 to 20.13 g.kg–1. The LT treatment had a more concentrated distribution of SOC, while DG treatment had the largest variance. Compared with the control group (NG), the SOC content increased significantly in the DG, LP, and LT treatments (P < 0.05), but there was no significant difference between DG and LP treatments, and there was also no significant difference between the LP and LT treatments. The median content of TN varied from 0.74 to 2.22 g.kg–1. The TN content increased significantly in LT treatment (P < 0.05), but there was no significant difference between DG and LP treatments. The TP content varied from 0.51 to 1.93 g.kg–1. The TP content in LT treatment was significantly higher than that in other treatments (P < 0.05), but there was no significant difference between DG, LP, and NG treatments. The median content of pH values in our study area ranged from 6.31 to 7.47. The pH values was significantly decreased in the DG and LP treatments (P < 0.05), and it was lowest in the LP treatment.
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FIGURE 1. Soil properties and soil microbial biomass in different vegetation restorations. Boxplots with different lowercase letters are significantly different among different sites (p < 0.05). (A) The content of SOC; (B) the content of TN; (C) the content of TP; (D) pH value; (E) the content of MBC; (F) the content of MBN. DG, Dactylis glomerata; LP, Lolium perenne; LT, Trifolium repens; NG, natural grassland; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; MBC, soil microbial biomass C; MBN, soil microbial biomass N.


There were significant differences (P < 0.05) in soil MBC and MBN among different vegetation restoration treatments (Figures 1E,F). The median content of soil MBC and MBN was highest in LT treatment. The soil MBC content ranged from 211.20 to 382.47 mg.kg–1. The LT treatment had a more concentrated distribution of soil MBC, while DG treatment had the largest variance. The median content of soil MBN varied from 57.45 to 132.93 mg.kg–1. The DG treatment had a more concentrated distribution of soil MBN, while LT treatment had the largest variance. The soil MBN content from highest to lowest were for LT, LP, DG, and NG treatments.



Soil Bacterial Composition and Diversity Under Different Vegetation Restorations

A total of 1,919,684 raw reads were detected in all samples, generating an average of 79,561 clean reads and an average sequence length of 416.33 bp (Supplementary Table 1). The species composition of all samples included 28 phyla, 58 classes, 159 orders, 292 families, 518 genera, and 589 species. When the distance level was 0.03, the rarefaction curve of bacterial communities in different vegetation restoration treatments reached asymptotes (Supplementary Figure 1), which indicated that the diversity of soil bacterial communities was well extracted. We illustrated the similarities and differences among OTUs of different treatments in three 2-set Venn diagrams (Supplementary Figures 2–4). The unique OTUs in the DG and NG treatments were 93 and 192, respectively, and the shared OTU was 2,112 (Supplementary Figure 2). The unique OTUs in the LP and NG treatments were 79 and 350, respectively, and the shared OTU was 1,954 (Supplementary Figure 3). The unique OTUs in the LT and NG treatments were 155 and 100, respectively, and the shared OTU was 2,204 (Supplementary Figure 4).

The results of PCoA showed that the dissimilar test in ANOSIM had significant differences between groups (R = 0.601, P = 0.001), and the bacterial communities of different treatments were separated (Figure 2), which indicated that the vegetation restoration treatment resulted in a significantly changed bacterial community structure. Among the top 10 bacterial phyla in relative abundance of the bacterial community in vegetation restoration treatment (Figure 3), Proteobacteria and Acidobacteriota were the dominant bacterial phyla, accounting for 63.27% of the total bacterial abundance. The results showed that compared with NG treatment, LT treatment significantly increased the relative abundance of Proteobacteria, Gemmatimonadota, and Actinobacteriota (P < 0.05) but significantly decreased the relative abundance of Acidobacteriota, Verrucomicrobiota, and Bacteroidota (P < 0.05).
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FIGURE 2. Principal coordinates analysis of bacterial in different vegetation restorations. DG, Dactylis glomerata; LP, Lolium perenne; LT, Trifolium repens; NG, natural grassland.
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FIGURE 3. Relative abundance of soil bacterial phylum in different vegetation restorations. Different lowercase letters are significantly different among different sites (p < 0.05). DG, Dactylis glomerata; LP, Lolium perenne; LT, Trifolium repens; NG, natural grassland.


We performed multiple comparisons of Alpha diversity in different vegetation restoration treatments (Table 1). The Shannon index in the LT treatment was significantly higher than that in DG, LP, and NG treatments (P < 0.05), but there was no significant difference between DG, LP, and NG treatments. The ACE index and Chao1 index in the DG treatment were significantly lower than that in LP, LT, and NG treatments (P < 0.05), but there was no significant difference between the LP, LT, and NG treatments.


TABLE 1. Alpha diversity analysis of bacterial in different vegetation restorations.
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Effects of Environmental Factors on Soil Bacterial Community

We performed a correlation analysis of soil properties and alpha diversity of soil bacterial microbial communities (Table 2). The results showed that the Shannon index, ACE index, and Chao1 index had a significant positive correlation with pH and MBC, which indicated that soil pH and MBC were important factors to affect the alpha diversity of soil microbial community. The correlation analysis of soil microbial biomass and soil properties showed that MBC and MBN had a significant positive correlation with SOC, TN, and TP.


TABLE 2. Correlation between alpha diversity of soil bacterial communities and microbial biomass and soil properties.

[image: Table 2]
Redundancy analysis of the soil microbial structure at the phylum level with soil properties showed that the first and second axes explained 16.46 and 13.73% of bacterial community variation, respectively (Figure 4). Further analysis by using the Monte Carlo permutation test showed that pH and SOC had higher correlations with bacterial community composition than other environmental factors, contributing 33.4% (p = 0.002) and 30.6% (p = 0.002), respectively, which suggested that they were the main factors affecting the bacterial community structure. Soil pH was positively correlated with Proteobacteria, Chloroflexi, Gemmatimonadota, Actinobacteriota, and Myxococcota. SOC was positively correlated with Bacteroidetes, Firmicutes, and Myxococcota. Soil pH and SOC were negatively correlated with Acidobacteriota.
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FIGURE 4. RDA for the relationship between the bacterial phylum (blue arrows) and environmental factors (red arrows). SOC, soil organic carbon; Proteoba, Proteobacteria; Acidobac, Acidobacteriota; Verrucom, Verrucomicrobiota; Chlorofl, Chloroflexi; unclassi, unclassified Bacteria; Bacteroi, Bacteroidota; Gemmatim, Gemmatimonadota; Actinobc, Actinobacteriota; Myxococc, Myxococcota; Firmicut, Firmicutes.


The ecological function prediction of soil bacteria in different vegetation restoration treatments was performed by FAPROTAX software (Figure 5). Among all ecological function groups, the average relative abundances of chemoheterotrophs, aerobic chemoheterotrophs, nitrogen fixation, and fermentation were 30.82, 25.02, 6.79, and 4.48%, respectively. The results showed that the relative abundance of aerobic chemoheterotrophs in the LT treatment was significant lower than that in DG, LP, and NG treatments (P < 0.05), but there was no significant difference between DG, LP, and NG treatments. The relative abundance of chemoheterotrophs, nitrogen fixation, and fermentation in the DG, LP, LT, and NG treatments was not significant.
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FIGURE 5. Relative abundance of soil bacterial community for ecological function in different vegetation restorations. Different lowercase letters are significantly different among different sites (p < 0.05). DG, Dactylis glomerata; LP, Lolium perenne; LT, Trifolium repens; NG, natural grassland.





DISCUSSION


Effects of Different Vegetation Restorations on Soil Properties and Soil Microbial Biomass

The goal of vegetation restoration was not only the increase in vegetation coverage but also the restoration of ecosystem quality and function (Wang et al., 2020). The vegetation restoration of cultivated pasture can improve soil quality and nutrient content and effectively prevent soil degradation (Baptistella et al., 2020). After 10 years of vegetation restoration, there were significant differences in soil properties under different vegetation restoration treatments. The related studies have shown that converting land use from agriculture to cultivated pasture reduced soil acidity (Chen et al., 2020), which was consistent with the findings in this study that DG, LP, and LT treatments reduced soil pH. This may be because cultivated pasture has higher aboveground biomass, which can produce a large amount of easily decomposable litter, increase the community of burrowing animals, and accelerate the cation cycle in the grassland ecosystem, thereby offsetting soil acidification (Paudel et al., 2021). In this study, DG, LP, and LT can significantly increase the SOC content compared to NG, which was consistent with the findings of Zhang et al. (2019) and Peng X. D. et al. (2020); this may be due to the increase of surface litter and underground roots in cultivated pasture, which increases the source of soil organic carbon and promotes the accumulation of organic carbon (Wu Q. et al., 2019). DG and LP significantly increased the TN content, and the TN content in the LT treatment was the highest. The relevant studies have shown that mixed pasture was more conducive to the accumulation of soil total nitrogen (Yang et al., 2013). In addition, the biological nitrogen fixation of white clover in the LT treatment increased the nitrogen content (Young et al., 2019), and Khatiwada et al. (2020) believed that mixed pasture was relatively stable, with strong root activity, improved photosynthetic capacity, and strong soil microbial activity, which can improve nitrogen accumulation capacity. However, the total nitrogen content of NG was 0.94 ± 0.02 g.kg–1 in our study. N was the factor limiting the growth of natural grassland according to the second national soil nutrient classification standards. The result of this study was inconsistent with that of Xing et al. (2020), which may be caused by differences in the study area, grass species, and climate conditions. Relevant studies have shown that the establishment of cultivated pasture can improve grassland productivity and bring more organic matter to the topsoil (Lin et al., 2019), and the main direct source of phosphorus was the decomposition of soil organic matter (Donald, 1980). In this study, DG, LP, and LT treatments increased the TN content, especially LT, which may be because the mixed pasture can form the spatial advantage of phosphorus nutrient utilization and the difference in phosphorus source utilization in the rhizosphere, and ultimately promote mutual absorption and improve the soil phosphorus content (Guerra et al., 2022).

Soil microbes are exceptionally sensitive to changes in the environment, and microbial biomass plays a key role in organic matter dynamics and nutrient cycling in the lithosphere (Pang et al., 2018). The maintenance of soil microbial life needs to consume some energy, and litter is one of the sources of energy raw materials for soil microorganisms, so the input of litter can change the soil microbial biomass on the soil surface (Lu et al., 2022). In this study, LT treatment significantly increased soil MBC and MBN, which was mainly associated with the large input of surface litter from mixed pasture, and it can provide sufficient energy for soil microbial metabolism and self-synthesis (Grigera and Oesterheld, 2021). In addition, the soil MBC content of DG treatment was slightly lower than that of NG treatment, but there was no significant difference between DG and NG treatments, which may be that the diversity of litter also affected soil microbial biomass carbon (Hu et al., 2006). The SOC content in the LT treatment in this study was significantly higher than that in NG, and both soil MBC content and soil MBN content also showed the same trend, which was consistent with the results of Kan et al. (2022). In this study, the soil MBN content in the DG, LP, and LT treatments was significantly higher than that in NG, which may be because cultivated pasture planting increased the soil TN content, thereby increasing soil MBN, but the internal mechanism needs to be further studied.



Effects of Different Grassland Vegetation Restorations on Soil Microbial Structure and Diversity

The structure and diversity of soil microorganisms have important effects on the stability of karst ecosystems (Xie et al., 2015). The PCoA results showed that the dissimilar test in ANOSIM showed significant differences between groups, and the bacterial communities of different treatments were separated (Figure 2), which indicated that the different vegetation restoration treatments significantly changed the bacterial community structure. In this study, Proteobacteria and Acidobacteriota were the dominant phyla (Figure 3), which was consistent with the findings in different soil environments (Gao et al., 2017; Zhang et al., 2021; Zhu et al., 2021). In the existing reports, Proteobacteria was considered to be the most common bacterial phylum in the world (Wu W. X. et al., 2019). Vegetation restoration can increase the relative abundance of Proteobacteria because soil organic carbon contributes to the survival and development of Proteobacteria (Zeng et al., 2017). Different vegetation restoration of cultivated pasture in this study increased the soil organic carbon content, which indicated that Proteobacteria was promoted by soil organic carbon (Hartman et al., 2008), and cultivated pasture provided a better development environment for the development of Proteobacteria. Acidobacteriota was closely related to soil nutrition; generally speaking, the abundance of Acidobacteriota was higher in nutrient-poor soils, and they can be used as indicator bacteria of poor soil environment (Fierer et al., 2007). In this study, the LT treatment decreased the relative abundance of Acidobacteriota, which indicated that vegetation restoration improved the soil environment and quality.

The diversity of soil microorganisms reflected the stability of the microbial community and the influence of the soil environment on its community structure, and it was a key indicator of soil ecological characteristics (Li et al., 2020). In this study, the diversity indices (Shannon, ACE, and Chao1) of the soil bacterial microbial community in the DG treatment were lower than those in other treatments, but they were most abundant in the LT treatment. This may be because the response of microbial diversity to changes in aboveground vegetation was mainly affected by changes in the relative abundance of species, rather than changes in species diversity (Friedman et al., 2017). Soil analysis showed that the soil quality in the LT treatment was higher than that in the NG, indicating that the mixed pasture could create a suitable microenvironment for the survival of bacteria and also improve the soil bacterial community diversity index.



Effects of Environmental Factors on Soil Bacterial Community in Different Vegetation Restorations

The Shannon index, ACE index, and Chao1 index had a significant positive correlation with pH and MBC from Pearson correlation analysis (P < 0.05), which indicated that soil pH and MBC had significant effects on the alpha diversity of soil bacteria in different vegetation restoration treatments. This may be because vegetation restoration balanced the pH of the soil and improved the living environment of soil microorganisms, which confirms that vegetation restorations can improve the environment and improve soil quality (Zhao C. et al., 2019). Soil microbial biomass was extremely sensitive to changes in aboveground vegetation and belowground conditions, and it can be used as a sensitive factor for changes in soil quality (Yin et al., 2014). In this study, SOC, TN, and TP significantly increased the content of soil MBC and MBN.

Numerous studies have shown that the soil bacterial community structure was affected by environmental conditions, and soil factors were the key influencing factors (Saleem, 2015; Chen et al., 2017). In this study, RDA results indicated that pH in different vegetation restorations was one of the key factors affecting soil microbial communities, which was consistent with the findings of Fan et al. (2019) and Wang Z. Q. et al. (2021). It has been confirmed in many studies that soil pH was a key factor affecting the soil microbial community structure (Griffiths et al., 2011; Ling et al., 2016; Yun et al., 2016; Zhang et al., 2022). Furthermore, our results showed that the relative abundance of Actinobacteria was significantly affected by soil pH, which was consistent with the findings of Tripathi et al. (2012) and Wang Z. Q. et al. (2021). The strong correlation between pH and the soil microbial community structure may be due to the relatively narrow growth tolerance and a harsh growth environment exhibited by most bacterial taxa in karst environments (Xue et al., 2017). In our study, it was found that pH was negatively correlated with Acidobacteriota, which was inconsistent with the results of many studies (Dai et al., 2017; Zhang et al., 2020), which indicated that Acidobacteriota of different land use types was closely related to pH. In this study, Proteobacteria was the dominant phylum, and previous studies have shown that Proteobacteria was positively correlated with pH of the soil (Zhang et al., 2021), which was consistent with our findings. Soil organic carbon was an important factor affecting the soil bacterial community structure, which was consistent with the research results of Shao et al. (2005) and Xue et al. (2019), that is, soil organic carbon was an important indicator affecting the soil microbial community structure.

Soil microbial functional diversity was the guarantee of soil function and the basis for restoring soil function (Zi et al., 2017). Chemoheterotrophic bacteria mainly consume organic matter for energy, and fermentative bacteria can metabolize carbohydrates into lactic acid (Ling et al., 2022). Among agricultural soil bacteria, it was mainly chemical heterotrophic bacteria that can degrade aromatic compounds and aliphatic hydrocarbons (Qi et al., 2018). However, grassland soil bacteria have less chemical heterotrophic bacteria than agricultural soil bacteria (Zhu et al., 2022). The results of soil bacterial ecological function prediction showed that the relative abundance of aerobic chemoheterotrophic bacteria was the highest in the NG treatment and the lowest in the LT treatment; this may be because a large amount of litter in the NG treatment was not easily utilized by plants, resulting in a large number of chemoheterotrophic bacterial groups, but the litter could be decomposed in the LT treatment in time, thus reducing the abundance of chemical heterotrophic bacteria. The result indicated that LT treatment brought soil bacterial function closer to grassland.




CONCLUSION

This study took the karst ecosystem in southwest China as the research object. After 10 years of vegetation restoration, we determined the effects of cultivated pasture on soil properties, soil microbial biomass, and bacterial communities. We concluded that the three vegetation restorations of DG, LP, and LT significantly increased the relative abundance of Proteobacteria, but LT treatment obviously decreased the relative abundance of Acidobacteriota. The bacterial community in the vegetation restoration of cultivated pasture improved the soil environment; increased the contents of SOC, TN, and TP; and promoted the soil to develop in a good direction, especially the LT treatment. LT treatment significantly increased the MBC content and Shannon index but significantly decreased the relative abundance of aerobic chemoheterotrophs. Soil pH and MBC had a significant positive correlation with the Shannon, ACE, and Chao1 indices. Soil pH and SOC were the main factors that can affect soil bacterial communities. Therefore, cultivating LT in the process of vegetation restoration is an effective measure to promote soil restoration in karst areas.
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