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Abstract

:

To reveal the effect of the interactions between soil depth and different land use types on soil nutrients and soil bacterial communities in a karst area, fifty soil samples from five different karst land use types in Huajiang town, Guizhou province, Southwest China were collected, and the soil bacteria were analyzed using high-throughput absolute quantification sequencing. Our results showed that land use types (LUT) and soil depth (SD) significantly influenced the content of soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), nitrate nitrogen (NN), ammonium nitrogen (AN) and available soil phosphorus (AP), and pH; further, the interaction of LUT and SD also significantly influenced SOC, NN, NA, AP, and pH. In addition, LUT clearly impacted the Chao1 and Shannon indexes, but, SD and LUT * SD markedly affect Chao1 and Shannon index, respectively. All the soil bacterial communities were significantly different in the five different five land use types according to PERMANOVA. Importantly, Acidobacteria and Proteobacteria were the predominant phyla at soil depths of 0–20 cm and 20–40 cm among all the LUTs. At 0–20 cm, TN, AN, and SOC exerted a strong positive influence on Acidobacteria, but NN exerted a strong negative influence on Acidobacteria; at 20–40 cm soil, TN and AN exerted a strong positive influence on Acidobacteria; TP exerted no marked influence on any of the phyla at these two soil depths. At 0–20 cm of soil depth, we also found that Chao1 index changes were closely related to the TN, SOC, AN, and NN; similarly, Shannon index changes were significantly correlated to the AN, TN, and SOC; the PCoA was clearly related to the TN, SOC, and AN. Interestingly, at soil depth of 20–40 cm, Chao 1 was markedly related to the TN and pH; Shannon was markedly correlated with the SOC, TP, AN, and AP; and the PCoA was significantly correlated with the TN and pH. Our findings imply that soil nutrients and soil bacteria communities are strongly influenced by land use types and soil depth in karst areas.
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1. Introduction


Karst topography is widely distributed globally and accounts for about 15% of the global land surface [1]. Although the karst topography of Southwest China covers a range of about 540,000 km2, making it one of the three largest karst regions on a global scale, the available land area in karst areas is limited [2,3,4]. Karst ecosystems are some of the most vulnerable areas and respond very quickly to human impact [5], and karst ecosystems are difficult to restore when they are disturbed [6]. The land available for cultivation is limited by the sufficient depth of soil distribution between rock outcrops in karst regions. Therefore, the rational use of land and soil depths in karst areas is critical. Recent reports highlight that land use type, revegetation process, and rocky karst desertification influence the structure and diversity of microbial communities [7,8,9,10]. However, the coupled influence of land use and soil depth on the composition and structure of soil microbial communities remains unknown.



Soil microorganisms play a central role in the restoration of ecosystems by improving soil nutrients, soil functions and vegetation restoration [11,12,13,14,15,16]. The decomposition of soil organic matter [17] and the release of biologically active nitrogen and available phosphorus for plant growth are governed by microbes [14]. In the past decade, Guizhou provincial government has encouraged farmers to plant different cash crops, which can, on the one hand, prevent rocky desertification, and increase farmers’ incomes on the other, leading to change in land use types and below-ground dynamics. These fluctuations, in turn, exert profound direct and indirect effects on soil microbes. Studies have demonstrated that changes in land use types greatly influence the structure and diversity of soil microbial communities [18,19].



Agricultural management, including irrigation, fertilization, and land use types, is a key factor that can degrade soil ecosystem and function and also influence the biodiversity of terrestrial ecosystems [20,21,22]. Land use practices influence soil health and nutrient status [23]. In karst regions, soil microbe abundance and diversity in rice field soil are markedly lower than maize and citrus field soil [9]. Differences in the abundance and diversity of soil microbial communities in karst peak-cluster depressions correspond to different land use types (primary forest, secondary forest, farmland, forest plantations, scrubland and grassland) [24]. Soil microbes responded differently to the change in land use type, which led to significant nutrient cycling changes [25]. However, soil chemical property effects were more significant than the effects of land use type on microbial community structures in some ecosystems [26]. Microbial community structures are susceptible to different land use types; however, whether these influences extend down the soil profile is still unknown.



The different relative abundance of soil bacterial communities can be a potential biological indicator of environmental status [27]. Microbial abundance and diversity typically decrease with soil depth [28,29]. Despite studies highlighting changes in microbial community structure along soil depths, few have shown detailed taxonomic and phylogenetic features of these trends [30,31]. Despite these results, our understanding of soil microbial function for ecosystem stability remains limited, mainly concerning community structure changes and diversity of soil depth among different land use systems. In general, microbial diversity decreases with soil depth caused multiple alterations in soil properties [32,33,34]. Soil nutrient cycling is a microbial-mediated biological process that can be predicted on a large spatial scale according to abiotic factors, such as soil nutrient availability and soil pH [35].



The diversity and composition of soil bacterial communities was significantly affected with cultivation disturbance in karst areas [36]. Soil microbes are often limited by carbon, but Schimel and Weintraub [37] reported that phosphorus and nitrogen were also limiting for microbial growth and community structure [37,38,39]. Microbes at deeper soil depths play central roles in soil development, nutrients, and carbon storage potential and feature lower turnover rates than top-surface communities [40,41]. Comparing uncharacterized soil depth-dependent responses to land use type changes represents an understudied aspect of soil microbial function and ecology [34].



Soil microbes in the subsoil exert an essential influence on ecosystem biochemistry, soil formation and maintaining groundwater quality [32,42]. The abundance of Actinobacteria and Proteobacteria in the topsoil increased when using organic fertilizer and chemicals, but Acidobacteria abundance decreased [43]. Microbial mineralization was more susceptible to subsoil amendments than in topsoil [29]. The different microorganism genus formed complex and powerful interaction networks in ecosystems. Clearing the interactions between microbes is essential to investigate the intricacy of soil’s chemical process and biological function [44]. Nevertheless, microbial taxa’s response at different soil depths and land use in the karst areas of southwest China remain unknown.



The structure and diversity of soil bacterial communities were strongly affected by soil physical and chemical properties, such as soil texture [45,46], soil pH [47,48], and nutrient availability [49]. Soil heterogeneity caused by fertilization significantly influenced the abundance and diversity of bacterial communities at different soil depths [43,50]. It was also shown that different land use types feature different soil nutrient requirement for plants growth [51,52].



However, the impact of different land use types on the diversity and structure of soil bacterial communities and soil nutrients at different soil depths has not yet been investigated in the karst areas of Southwest China. Therefore, our aim was to assess (a) whether soil nutrients were influenced by land use types and soil depths, (b) whether the structure and diversity of soil bacterial communities were influenced by land use types and soil depths, (c) and investigate the relationship between the alpha diversity and structure of soil bacterial communities and soil the nutrients of different soil depths in different land use types.




2. Materials and Methods


2.1. Study Site Description and Soil Sampling


The present study was carried out in a typical karst region of Huajiang tow, which is located in the southwest of Guanling Buyi and Miao Autonomous County, Guizhou Province. The annual mean temperature and the annual mean rainfall are about 17 °C and 1200 mm, respectively, and the frost-free period is about 288 days. The different land use types include Zanthoxylum planispinum land, Hylocereus spp. land, Zea mays land, grassland (the main species are Themeda japonica) and secondary forest land (the main species are Liquidambar formosana). Detailed information on the different land use types included in supplementary Table S1. In November 2019, soil samples from five different land use types were collected at two depths, 0–20 cm and 20–40 cm, with the topsoil removed (1–2 cm) using a clean stainless steel shovel placed in a plastic bag on ice until transfer to the laboratory, and with visible roots and stones removed. Five plots that were 5 m apart were sampled at each site at the 0–20 cm and 20–40 cm soil depths. Each plot was pooled from four subplots (1 m2) taken inside the plot at 0–20 cm and 20–40 cm soil depths. In order to prevent the influence of plant roots and other visible debris, all soil samples were sifted through a 2 mm mesh before laboratory analysis. A portion of each soil sample was placed in a 50 mL sterile centrifuge tube and flash-frozen in liquid nitrogen. The sterile centrifuge tubes were stored at −80 °C until soil DNA extraction. The remainder of the soil from each sample was air-dried to determine soil nutrients and pH.




2.2. Soil Nutrients Analyses


The content of soil organic carbon (SOC) and available soil phosphorus (AP) was analyzed with the method described by Nelson and Sommers [53]. Soil total phosphorus (TP), total nitrogen (TN), nitrate nitrogen (NN) and ammonium nitrogen (AN) were analyzed according to Zhao et al. [54]. Distilled water and soil samples were mixed in a ratio of 1:2.5, and the samples were shaken for 35 min. Subsequently, soil pH was determined with a pH meter.




2.3. High-Throughput Absolute Abundance Quantification 16S-seq


In total, 50 soil samples were collected from the 0–20 cm and 20–40 cm depth of 5 different land use types, and DNA from 350 mg soil was extracted by employing a Power Soil DNA Kit (MoBio, Carlsbad, CA, USA) according to the manufacturer’s instructions. Furthermore, soil DNA were sent to Genesky Biotechnologies Inc., Shanghai, 201315 (China) for a high-throughput absolute quantification 16S rRNA gene amplicon sequencing by an Illumina MiSeq 2 × 250 bp sequencer. In the studies by Tkacz et al. (2018), Smets et al. (2016), Mou et al. (2020), and Jiang et al. (2019) [55,56,57,58], we can see the illustration of the high-throughput absolute quantification 16S-seq (HAQS). Briefly, the integrity of genomic DNA was detected through agarose gel electrophoresis, and the purity and concentration of genomic DNA were detected through the Nanodrop 2000 and Qubit 3.0 Spectrophotometer. Multiple spike-ins with identical conserved regions to natural 16S rRNA genes and variable regions replaced by random sequence with ~40% GC content were artificially synthesized. Next, an appropriate proportion of spike-ins mixture with known gradient copy numbers were added to the sample DNA. Multiple spike-ins with identical conserved regions to 16S rRNA gene and variable regions replaced by random sequence with ~40% GC content were artificially synthesized, and an appropriate mixture with known gradient copy numbers of spike-ins was then added to the sample DNA. Next, according to the description by Cai et al. [59], the amplified libraries were generated by amplifying with primers 515F (GTGCCAGCMGCCGCGG) and 907R (CCGTCAATTCMTTTRAGTTT) of the 16S rRNA gene.




2.4. 16S rRNA Gene Sequence Analysis


The original sequencing data were analyzed according to the method described by Huang et al. [60]. The primer and adaptor sequences were removed using the Mothur pipeline (Edition 1.39.3, https://www.mothur.org/ accessed on 30 October 2022) and TrimGalore (version 0.4.5, Babraham Bioinformatics, Cambridge, UK), respectively. After pair-end reads merging and filtering, low quality reads (<200 bp, ambiguous base calls > 0, average quality score < 20) were discarded. The rest sequences were clustered into OTUs with a similarity level at 97%, and mother (v.1.39.3) was used to assign taxonomy with RDP database. The spike-in sequences were then filtered out, and the readings were calculated. OTUs were then annotated, and the readings of each peaking OTU were counted. Finally, the standard curve of read amount compared to DNA copy peaks was established. The absolute copy number of bacterial OTUs may be calculated by the reading count of corresponding bacterial OTUs.




2.5. Statistical Analyses


The soil bacterial alpha diversity (Chao1 and Shannon indices) calculations were performed using R (version 3.2.2). The heatmap, PCoA, RDA, Spearman’s rank correlation analysis, variation partition analysis (VPA), and Structural Equation Modeling (SEM) were carried out in R (version 3.2.2). In addition, permutational multivariate two-way analysis of variance (PERMANOVA) was carried out to make the estimation of the significant differences of bacterial community between land use type and soil depth based on Bray-Curtis distances. Two-way ANOVA was used to determine the effects of land use types (LUT) and soil depth (SD) on Chao1, Shannon, phyla levels of soil bacteria, SOC, TN, TP, NN, AN, AP and pH with SPSS (version 17.0). Significant differences between depths of 0–20 cm and 20–40 cm for Chao1, Shannon, SOC, TN, TP, NN, AN, AP, and pH in the five different land use types were carried out at p < 0.05 (independent t-tests) by Spss.





3. Results


3.1. Soil Nutrient Status of the Different Depth under the Five Different Land Use Types


We found that the interaction of land use types (LUT) × soil depth (SD) influenced SOC (p < 0.001, Table 1), NN (p < 0.001, Table 1), AN (p < 0.001, Table 1), AP (p < 0.001, Table 1), and pH (p < 0.001, Table 1). Further, we found that the SOC content at the 0–20 cm depth decreased by 68.7% compared to 20–40 cm depth under Zanthoxylum planispinum land (Figure 1B). The SOC content at 0–20 cm increased by 82.3% compared to the 20–40 cm depth under Hylocereus spp. (Figure 1B). Interestingly, the content of TN at the 0–20 cm depth was significantly enhanced, by 48.9%, compared to 20–40 cm depth under Zanthoxylum planispinum land (Figure 1C). The NN content at the 0–20 cm depth decreased by 97.6% compared to 20–40 cm depth under forest land. However, the NN content at the 0–20 cm depth increased by 1640.0%, 409.4%, and 300.0% compared to 20–40 cm depth under Zanthoxylum planispinum land, Hylocereus spp. Land, and Zea mays land, respectively (Figure 1E). The AN content at the 0–20 cm depth decreased by 56.6%, 31.8%, and 39.8% compared to 20–40 cm depth under grassland land, Zanthoxylum planispinum land, and Hylocereus spp. land (Figure 1F). The AP content at the 0–20 cm depth decreased by 68.4% and 70.3% compared to the 20–40 cm depth under grassland and Hylocereus spp. Land, respectively (Figure 1G). The soil pH at the 0–20 cm depth increased by 5.7% and 45.5% compared to 20–40 cm depth under forest land and Hylocereus spp., respectively, but the pH at the depth of 0–20 cm decreased by 4.0% compared to the 20–40 cm depth under Zea mays land (Figure 1H). Lastly, the TP content did not vary significantly across different LUTs and soil depths (Figure 1D).




3.2. Alpha Diversity Patterns


A total of 19,732,834 reads remained, which represented 19,352 bacterial OTUs after removing singleton OTUs, ambiguous, short and low-quality reads. The rarefaction curve is shown in supplementary Figure S1. Our results found that land use types (LUT) and soil depth (SD) exerted a clear effect on Chao 1 (p < 0.001; p = 0.014) (Figure 2A), but the interaction of LUT and SD exerted no effect on the Chao1. LUT had a marked influence on the Shannon (p = 0.020) (Figure 2B) and the interaction of LUT and SD (p < 0.001) (Figure 2B). In addition, we found that Chao1 and Shannon were significantly influenced by the different land use types at 0–20 cm and 20–40 cm soil depths, respectively (Figure 2). The Chao1 index estimates the richness of bacterial communities, and it was highest (8585.68 ± 114.14) at the soil depth of 0–20 cm in grassland and lowest (4519.41 ± 489.76) at the soil depth of 20–40 cm in Hylocereus spp. The Chao 1 index was significantly affected by the soil depth in grassland and Zea mays, the Chao 1 index was higher at the soil depth of 0–20 cm than at 20–40 cm, and the Chao 1 index at the soil depth of 0–20 cm was enhanced by 17.3% compared with the soil depth of 20–40 cm in Zea mays (Figure 2A). The Shannon index estimates the diversity of bacterial communities, and it was highest (6.63 ± 0.03) at the 20–40 cm soil depth in Zanthoxylum planispinum and lowest (6.01 ± 0.09) at the soil depth of 20–40 cm at grassland. The Shannon index was significantly affected by the soil depth in grassland and Zanthoxylum planispinum, it was higher at the soil depth of 0–20 cm than 20–40 cm, and at the soil depth of 0–20 cm it was increased by 9.5% compared with the 20–40 cm depth in grassland (Figure 2B). The Shannon index at the soil depth of 0–20 cm decreased by 4.7% compared with 20–40 cm in Zanthoxylum planispinum (Figure 2B).




3.3. Absolute Quantification of Soil Bacterial Community


The different land use types (LUT) and soil depth (SD) influenced the major bacterial phyla, but the interaction of LUT × SD only exerted a clear effect on the Actinobacteria (Table 2). At the 0–20 cm depth in the forest, Proteobacteria (28%) and Acidobacteria (26.7%) were the dominant phyla. Acidobacteria (28.4%) and Proteobacteria (21.5%) were the dominant phyla at the 0–20 cm depth of grassland. At the 0–20 cm depth of Hylocereus spp., Acidobacteria (25.4%) and Proteobacteria (22.2%) were the dominant phyla. At the 0–20 cm depth in Zanthoxylum planispinum, Acidobacteria (29.3%) and Proteobacteria (29.3%) were the dominant phyla. At the 0–20 cm depth in Zea mays, Acidobacteria (28.3%) and Proteobacteria (23.9%) were the dominant phyla. In addition, the Actinobacteria, Bacteroidetes, Candidate division, Chloroflexi, Gemmatimonadetes, and Planctomycetes were also the dominant phyla in the 0–20 cm depth samples under the five different land use types (Figure 3A). Similarly, Acidobacteria and Proteobacteria were the predominant phyla at 20–40 cm in the five different land use types; furthermore, Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes, Latescibacteria, Planctomycetes, and Proteobacteria were also the dominant phyla in the 20–40 cm depth samples across the different land use types (Figure 3C).



The results of the PCoA (calculated on Bray–Curtis) showed that PCoA1 and PCoA2 explained 35.34% and 17.15% of the total variation in the bacterial communities at 0–20 cm and 20–40 cm across the five land use types. Further, the 0–20 cm and 20–40 cm depths were clearly separate across the land use types. Furthermore, the five land use types were able to significantly separate at 0–20 cm and 20–40 cm depths (Figure 4). In addition, land use type (LUT), soil depth (SD), and the interaction between them exerted a significant (p = 0.001) influence on the composition of the bacterial community (Figure 4). At the genus level, the heatmap demonstrated that the clustering pattern of the bacterial communities at depths of 0–20 cm and 20–40 cm was similar to those observed by PCoA (Figure 5). The majority of the top 30 genera at the 0–20 cm depth in grassland and forest demonstrated a higher absolute abundance compared to those of the other land use types (Figure 5). The genera of the bacterial communities of Hylocereus spp. at the 0–20 cm soil depth were lowest among the five different land use types (Figure 5). In addition, most of the top 30 genera at the 20–40 cm depth in grassland and Zanthoxylum planispinum demonstrated a significantly higher absolute abundance, as shown by the greater number of red columns compared with the other three different land use types (Figure 5). Most of the top 30 genera at the 20–40 cm depth in Hylocereus spp. demonstrated a significantly lower absolute abundance (Figure 5). In addition, our results showed that the five different land use types featured the same 1149 OTUs at 0–20 cm and the same 1103 OTUs at 20–40 cm; however, grass land, Zanthoxylum planispinum land, and Zea mays land presented no special OTU at the two soil depths (Supplementary Materials, Figure S2).




3.4. Relevance of Soil Bacterial Communities and Diversity to Soil Nutrients


The results of the Spearman correlation coefficients found a significant relationship between the soil bacterial diversity and soil nutrients at 0–20 cm and 20–40 cm (Figure 6). Further, we found that the Chao1 index changes were closely related to the TN, SOC, and AN (p < 0.001); NN (p < 0.05) (Figure 6A). Similarly, the Shannon index changes were significantly correlated with the AN (p < 0.001), TN, and SOC (p < 0.05) (Figure 6A) at the 0–20 cm soil depth. We found that Beta diversity (PCoA) was related to the TN and SOC (p < 0.001); AN (p < 0.05) at the 0–20 cm soil depth (Figure 6A). Interestingly, at the 20–40 cm soil depth, our results showed that Chao1 was correlated with TN (p < 0.01) and pH (p < 0.001) (Figure 6B). Shannon was correlated with the SOC (p < 0.01), TP, AN, and AP (p < 0.05) (Figure 6B). The bacterial Beta diversity (PCoA) was significantly correlated with TN (p < 0.001) and pH (p < 0.001) (Figure 6B).



The results of the RDA (redundancy analysis) showed that the bacterial phyla responded differently to changes in the soil nutrients between the 0–20 cm and 20–40 cm soil depth (Figure 7A,B). The first and second axis of the RDA explain 80.45% and 9.95% of the variance at the 0–20 cm soil depth (Figure 7A). The RDA also highlighted that TN exerted a strong positive effect on Armatimonadetes, Acidobacteria, and Candidate division WPS-1 and a strong negative effect on Thaumarchaeota. AN exerted a strong positive effect on Actinobacteria and a negative effect on Thaumarchaeota. NN exerted a positive effect on Thaumarchaeota and a negative effect on Armatimonadetes and Actinobacteria. SOC exerted a positive effect on all the phyla levels, except Latescibacteria and Thaumarchaeota. The pH exerted a positive effect on Armatimonadetes and Chloroflexi and negative effects on Thaumarchaeota. AP only exerted a negative effect on Latescibacteria. TP exerted no distinct effect on any of the phyla levels at the 0–20 cm soil depth (Figure 7A,C). According to the RDA, TN, AN, and pH were among the soil properties that were important factors influencing soil bacterial communities in grassland and forest; AP, TP, and NN were the central factors affecting soil bacterial communities in Zea mays. SOC was the main factor influencing the soil bacterial community in Hylocereus spp. at the 0–20 cm soil depth (Figure 7A).



At the 20–40 cm depth, the first and second axis of the RDA explain 70.36% and 17.26% of the variance (Figure 7B). The RDA also indicated that TN exerted a strong positive effect on Acidobacteria, Actinobacteria, Planctomycetes, and Proteobacteria and a negative effect on Nitrospirae. NN only exerted a positive effect on Chloroflexi. AN exerted a strong positive effect on Actinobacteria and Firmicutes but a negative effect on Nitrospirae. AP exerted a positive influence on Firmicutes and a negative influence on Nitrospirae. Soil pH exerted a strong positive influence on Chloroflexi. TP exerted no marked influence on any of the phyla (Figure 7B,D). Further, TN, AN, AP, NN, and pH were among the soil properties that were the important factors influencing the bacterial community changes in forest and grasslands; SOC and TP were the central factors influencing the bacterial community in Zea mays and Zanthoxylum planispinum (Figure 7B). Further, according to the variance partitioning analysis (VPA), 17.4% of the variation could be explained by different LUTs, 2.7% of the variation could be explained by SD, 3.6% of the variation could be explained by soil nutrients, 1.9% of the variation could be explained by soil pH, and 1.2% of the variation could be explained by LUT, SD, soil nutrients, and soil pH (Figure 8).




3.5. Structural Equation Model of Soil Nutrients, pH, Land Use Types, and Soil Depth for Bacterial Diversity


The SEM explained 46% and 65% of the variations in the bacterial community in Shannon and Chao1, respectively, through the LUT and SD (Figure 9). The LUT affected Shannon by influencing SOC (p = 0.029) and TN (p = 0.002), and SD affected Shannon by influencing SOC (p = 0.035, TN (p = 0.01), AP (p = 0.002), and pH (p = 0.028) (Figure 9).





4. Discussion


The present study focused on how the land use types and soil depth influenced soil nutrients, pH and soil bacterial community in karst areas, Southwest China. Our results showed that LUT and SD strongly influenced the diversity and structure of the bacterial community, mainly by affecting the AN and TN content.



Previous studies indicated that land use type and soil depth exert a substantial effect on soil physio-chemical parameters [61,62,63]. TN and SOC were closely linked and highly correlated with different land use types in karst areas, whilst TN and SOC contents in different land use types increased from agricultural types to forests [7,64,65]. Soil properties are usually regarded as important indicators of soil fertility and can maintain plant productivity [66]. The conversion of forest to pasture strongly influences the structure of soil microbial communities [67]. In addition, the change in land use type significantly influenced TN and SOM contents [68]. Thus, the TN content was highest in grassland among the five different land use types, owing to more litter entering the soil and higher decomposition rates. SOC plays an essential role in soil function, productivity, fertility maintenance, and carbon cycle [7]. It is vital to study the effect of different land use types on the content of SOC in karst areas. Our study found that the SOC content was highest in the 20–40 cm soil depth Zanthoxylum planispinum land among the five different land use types. Studies found that SOC content was higher in grassland than other land use types except for natural forest in non-karst areas [69,70,71]. Changes in SOC content across land use types in the karst area are not consistent with that of non-karst ecotypes. Changes in land use from grassland or forest to arable land or natural vegetation land to agricultural land significantly influence soil nutrient contents [72]. For instance, agricultural practices and tillage influence decomposition and result in the loss of soil nutrients [72]; plants made varying nutritional demands and used nutrients with different efficiencies [73].



Our results also showed that LUT and SD significantly influenced the measured soil parameters. It was reported that the differences in soil TP content might result from an alteration in biogeochemical processes at different soil depths [74,75]. It was further reported that land use types influenced AP, but the interaction of soil depth and land use type was insignificant [76]. Biochemical processes modulate the availability of AP because most of the p available is derived from the soil organic matter [77]. The soil pH, TN, and AP were significantly influenced by land use types at non-karst regions [78]. However, our results found that the AP content was highest at the 20–40 cm soil depth in grass land among the five different land use types. It implied that land use play different roles in regulating AP content in karst and non-karst areas. Previous studies focused on depth-specific responses have highlighted that SOC is a significant factor affecting soil subsurface community composition [63]. This suggests that considering that soil pH, temperature, O2 and texture do not generally shift substantially in soil profiles, these parameters likely do not play a major role in defining community structure in soil profiles [32]. Higher AP content in agricultural fields is due to rapid mineralization rates or manure additions [79]. However, our results showed that the TP content was highest at 0–20 cm soil depth in Hylocereus spp. land. It was reported that TP content was higher in maize farms compared to that of grassland soils, which could be because of the application of phosphorus fertilizer [80]. It was reported that different land use types significantly affected the alkali-hydrolyzable nitrogen (Nah) content in karst regions, and the Nah content was highest in native forests among shrubland, grassland, and cornfields [81]. Our results demonstrated that the NN content was highest at 0–20 cm soil depth in Zea mays land. Some studies reported that the conversion of forest into other land use types could cause soil and water loss [82], decrease the content of TN, TP, and organic soil, modify the soil structure, and reduce the soil quantity [83]. These depth-specific responses were more significant in the different field sites than in the forest sites, despite changes in NO3−, NH4+, and SOC, and showed the same trends in depth [63]. This implies that soil depth strongly influenced NO3−, NH4+, and SOC.



When soil health is recovered, the soil environment is beneficial for microorganisms [84], which results in the faster transformation of soil nutrients [85]. The soil depth and land use type influenced the structure and diversity of soil bacterial communities [32,34,61,86,87], while other studies showed that the different land use practices exert an impact on the structure and diversity of soil bacterial communities in karst regions [88,89,90]. Our study showed that LUT and SD significantly influenced alpha diversity patterns; however, SD only significantly affected the Chao1 index. Similarly, a study demonstrated that land use type also influenced the diversity of bacterial communities [91]; notably, it was further reported that the Chao1 and Shannon indices of the bacterial communities were different among woodland, shrubland, and grassland. In addition, different plant species influenced soil microenvironments by root exudates differences or leaf litter difference [92], leading to different structures of bacterial community in different land-use types. Generally, soil pH plays a central role in influencing microbial community distribution [39,93,94]. The Chao1 and Shannon indices at the 0–20 cm soil depth in grassland were higher than those in woodland and shrubland [95]. Another study reported that the diversity of soil bacterial communities was lower in the paddy than those in the corn and citrus lands [88]. A recent study showed that a decrease in the diversity of soil bacterial communities enhances soil depth, which is due to the decrease in the nutrients [96]. These results are consistent with those of other studies about the relationship between soil depth and the diversity of soil bacterial communities [97,98].



The structure of microbial communities was driven by both soil properties and land use types [27,61]. These results are consistent with previous studies, which demonstrated the influence of changes in bacterial community structure on agricultural practices [99]. One study showed that significant changes in the dominant phyla with soil depth influenced the changes in community structure with the soil depth gradient [63]. Our results also showed that Shannon diversity was higher at the 0–20 cm soil depth than at the 20–40 cm soil depth in grassland, forest land, and Zea mays land, but lower at the soil depth of 0–20 cm than at 20–40 cm in Hylocereus spp. and Zanthoxylum planispinum. This may be due to the unique characteristics of karst regions, including poor soils with a high degree of rocky desertification. The PCoA distance demonstrated the significant role of land use types and soil depth in soil bacterial community composition. Our results showed that bacterial communities from the five land use types were distinctly different at the soil depth of 0–20 cm and 20–40 cm, possibly due to the difference in edaphic properties. The bacterial communities of Zea mays at 20–40 soil depth were highly dispersed compared to the other land use types, which was probably due to the texture difference of Zea mays at 20–40 soil depth. Proteobacteria, Acidobacteria, and Verrucomicrobia were the most abundant dominant bacteria at the soil depth of 0–20 cm in the woodland, shrubland, and grassland [95]; similarly, our results also showed that Acidobacteria and Proteobacteria were the most abundant phyla levels at the soil depth of 0–20 cm and 20–40 cm in the five land use types. Combining the above with our results implies that Acidobacteria and Proteobacteria are important bacteria taxa in the different land use types. Members from the Proteobacteria phyla were observed to decrease with increasing soil depth [31,34,63,100]. It was noted that the phyla levels are dependent on site-specific soil properties [34]; the study showed an increased abundance of the Latescibacteria, Nitrospirae, Gemmatimonadetes, and Chloroflexi phyla with depth [63].



Studies demonstrated that soil nutrients are linked with the diversity and structure of bacterial communities [101,102]. Chao1 and Shannon indices were negatively related with TN and TP content under tobacco–rice rotation; however, SOC, alkalotic nitrogen, and available phosphorus exerted no significant influence on microbial diversity [103]. One study showed that SOC, TN, TP, nitrate nitrogen (NN), and AP were positively correlated with soil bacterial Alpha (Shannon) and Beta diversity. However, ammonium nitrogen (AN) was negatively related to bacterial Alpha (Shannon) and Beta diversity [101]. Another study found that Shannon index changes were closely linked to soil pH under fertilizer management [102]. Bacterial community compositions in different soil depths and different land uses were highly variable.



Interestingly, the present study found that TN and AN were positively correlated with Chao1 and Shannon, but TN and AN were negatively correlated with Beta diversity. By contrast, SOC was negatively related to Chao1 and Shannon, but SOC was positively correlated with Beta diversity at 0–20 cm soil depth in the five land use types. A previous study found that SOC positively affected bacterial Alpha diversity, which implied that the improvements in carbon source utilization increased microbial diversity under intercropping systems [101]. There were reports that SOC exerted the most significant effect on soil bacterial community structure [104,105]. In general, soil pH played an important role in driving the distribution of soil microbial communities [61,94]. Similar to the results reported by Zhang et al., it was found that Acidobacteria abundance increased with soil pH [106]; however, other studies found that Acidobacteria abundance was negatively related to soil pH [93,94,107], which was inconsistent with our results. The soil of karst systems is often thin and rocky, with relatively high permeability; it is thus difficult to restore when disturbed [6]. Karst systems feature landscapes characterized by sinkholes and caves formed by the dissolution of highly soluble carbonate rock [108]. These unique characteristics of karst regions make it difficult to study how different land use types affect soil nutrients, the diversity of soil microbial communities, and the relationship between them. In addition, it was reported that protecting native forests and inoculation with beneficial microbes is more beneficial for the restoration of karst systems after cultivation [36]. The higher proportion of negatively related OTUs with soil depth for factors influencing microbes across soil nutrient environments, especially, NO3−, NH4+, and SOC, strongly governs the diversity of the microbial community in soils [63,109]. The reported strong effect of pH on shifting taxa distributions in soils [63,110,111] was consistent with our study.



Proteobacteria belong to facultative trophic and aerobic heterotrophic bacteria [112,113], which were found in high SOC in karst regions. One study showed that with an enhancement of soil depth, the contents of soil nutrients reduced and Proteobacteria abundance decreased [95]. Our results showed that Proteobacteria was negatively related with SOC at 0–20 cm soil depth but was positively related to TN and AN at 0–20 cm and 20–40 cm soil depths. Our results showed that TN and AN were more critical for Proteobacteria at 0–20 cm and 20–40 cm soil depths. The previous study showed that Acidobacteria was widespread in various soil types with high abundance [114]. Acidobacteria are acidophilic bacteria, and they could decompose plant and animal residues to form organic carbon [106]. One study showed that Acidobacteria were negatively related to SOC [95]; similarly, our results found that Acidobacteria were negatively related to SOC at the 0–20 cm soil depth. Moreover, due to the complex environment of karst regions, to sum up, we cannot acquire enough information to evaluate the relationship among land use types, soil nutrients, and microbial diversity.




5. Conclusions


The present study improved our understanding of how soil depth and land use type influence soil nutrients, the structure and diversity of soil bacterial communities, and the relationship between soil nutrients and soil bacterial community in karst regions. Soil depth and land use type significantly affect soil nutrients and the structure of soil bacterial community, and clear correlations were found. TN, AN, and pH are the key factors driving the variation in soil bacterial communities in grassland and forest; AP, TP, and NN were the essential factors driving soil bacterial community alterations in agricultural land. The effect of land use type was stronger than that of soil depth for the structure of soil bacterial communities. Our results highlighted the different responses of bacterial communities to soil depth and land use type, and shed further light on microbial biodiversity and its ecological role. This provides a theoretical basis for the rational use of limited land in karst areas. Selecting an appropriate land use type according to the structure of soil bacterial communities in karst regions is of important practical significance.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/soilsystems6010020/s1, Figure S1: The rarefaction curve; Figure S2: The OTU venn diagram of five different land use types at 0–20 cm and 20–40 cm, respectively; Table S1: The detail information of five different land use types; Table S2: The information of reads classified as bacteria, archaea, others.





Author Contributions


Y.L. (Yuke Li), J.G., J.L. (Jie Liu, liujie791204@126.com), J.W., and Y.Y. designed research; Y.L. (Yuke Li), J.L. (Jie Liu, liujie791204@126.com), J.G., and H.X. performed the research; Y.L. (Yinglong Liu), J.J., C.C., J.W., and W.H. analyzed data; Y.L. (Yuke Li), J.L. ((Jie Liu, jieliu@lzu.edu.cn)), K.M., I.M., and J.W. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the Program for the Joint Fund of the National Natural Science Foundation of China and the Karst Science Research Center of Guizhou province (Grant No. U1812401), Changjiang Scholars and Innovative Research Team in University (IRT_17R50), Fundamental Research Funds for the Central Universities (lzujbky-2021-ey01, lzujbky-2021-kb12) in Lanzhou University, the Open Project of State Key Laboratory of Plateau Ecology and Agriculture, Qinghai University (2021-KF-02), Lanzhou University “Double First-Class” guiding special project-team construction fund-scientific research start-up fee standard (561119206), the technical service agreement on research and development of beneficial microbial agents for Alpine Rhododendron (071200001), Guizhou education department program (Qianjiaohe-KY-2018-130), major science and technology sub-project of Guizhou science and technology program (Qiankehe-2019-3001-2).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



Sweeting, M.M. Karst in China: Its Geomorphology and Environment; Barsch, D., Ed.; Science & Business Media Springer: Berlin/Heidelberg, Germany, 2012; pp. 242–248. [Google Scholar]

	



Huang, Y.; Zhao, P.; Zhang, Z.; Li, X.; He, C.; Zhang, R. Transpiration of Cyclobalanopsis glauca (syn. Quercus glauca) stand measured by sap-flow method in a karst rocky terrain during dry season. Ecol. Res. 2009, 24, 791–801. [Google Scholar] [CrossRef]

	



Qi, X.; Wang, K.; Zhang, C. Effectiveness of ecological restoration projects in a karst region of southwest China assessed using vegetation succession mapping. Ecol. Eng. 2013, 54, 245–253. [Google Scholar] [CrossRef]

	



Yang, Q.; Jiang, Z.; Ma, Z.; Luo, W.; Xie, Y.; Cao, J. Relationship between karst rocky desertification and its distance to roadways in a typical karst area of Southwest China. Environ. Earth Sci. 2013, 70, 295–302. [Google Scholar] [CrossRef]

	



Bárány-Kevei, I. Genetic types, human impact and protection of Hungarian karsts. Acta Climatol. Chorol. Univ. Szeged. 2005, 38–39. [Google Scholar]

	



Yuan, D.X. Environmental change and human impact on karst in southern China. Catena. Suppl. 1993, 25, 99–107. [Google Scholar]

	



Chen, H.; Zhang, W.; Wang, K.; Hou, Y. Soil organic carbon and total nitrogen as affected by land use types in karst and non-karst areas of northwest Guangxi, China. J. Sci. Food Agric. 2011, 92, 1086–1093. [Google Scholar] [CrossRef] [PubMed]

	



Knáb, M.; Szili-Kovács, T.; Márialigeti, K.; Móga, J.; Borsodi, A.K. Bacterial diversity in soils of different Hungarian karst areas. Acta Microbiol. Immunol. Hung. 2018, 65, 439–458. [Google Scholar] [CrossRef]

	



Li, Q.; Hu, Q.; Zhang, C.; Müller, W.E.G.; Schröder, H.C.; Li, Z.; Zhang, Y.; Liu, C.; Jin, Z. The effect of toxicity of heavy metals contained in tailing sands on the organic carbon metabolic activity of soil microorganisms from different land use types in the karst region. Environ. Earth Sci. 2015, 74, 6747–6756. [Google Scholar] [CrossRef]

	



Wang, P.; Mo, B.; Chen, Y.; Zeng, Q.; Wang, L. Effect of karst rocky desertification on soil fungal communities in Southwest China. Genet. Mol. Res. 2016, 15. [Google Scholar] [CrossRef] [PubMed]

	



Blagodatskaya, E.; Kuzyakov, Y. Active microorganisms in soil: Critical review of estimation criteria and approaches. Soil Biol. Biochem. 2013, 67, 192–211. [Google Scholar]

	



Chow, M.L.; Radomski, C.C.; McDermott, J.M.; Davies, J.; Axelrood, P.E. Molecular characterization of bacterial diversity in Lodgepole pine (Pinus contorta) rhizosphere soils from British Columbia forest soils differing in disturbance and geographic source. FEMS Microbiol. Ecol. 2002, 42, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Z.; Lu, S.; Liu, S.; Guo, H.; Wang, T.; Zhou, J.; Peng, X. Changes in plant rhizosphere microbial communities under different vegetation restoration patterns in karst and Non-karst Ecosystems. Sci. Rep. 2019, 9, 1–12. [Google Scholar]

	



McNeill, A.; Unkovich, M. Nutrient Cycling in Terrestrial Ecosystems; Marschner, P., Rengel, Z., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 37–64. [Google Scholar]

	



Mishra, A.; Nautiyal, C.S. Functional diversity of the microbial community in the rhizosphere of chickpea grown in diesel fuel-spiked soil amended with Trichoderma ressei using sole-carbon-source utilization profiles. World J. Microbiol. Biotechnol. 2009, 25, 1175–1180. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, G.; Song, X.; Yang, D.; Li, Y.; Qiao, J.; Zhang, J.; Zhao, S. Changes in soil microbial functional diversity under different vegetation restoration patterns for Hulunbeier Sandy Land. Acta Ecol. Sin. 2013, 33, 38–44. [Google Scholar] [CrossRef]

	



Xu, Z.; Yu, G.; Zhang, X.; Ge, J.; He, N.; Wang, Q.; Wang, D. The variations in soil microbial communities, enzyme activities and their relationships with soil organic matter decomposition along the northern slope of Changbai Mountain. Appl. Soil Ecol. 2015, 86, 19–29. [Google Scholar] [CrossRef]

	



Frey, S.D.; Knorr, M.; Parrent, J.L.; Simpson, R.T. Chronic nitrogen enrichment affects the structure and function of the soil microbial community in temperate hardwood and pine forests. For. Ecol. Manag. 2004, 196, 159–171. [Google Scholar] [CrossRef]

	



Fierer, N.; Jackson, R.B. The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. USA 2006, 103, 626–631. [Google Scholar] [CrossRef]

	



Aziz, I.; Mahmood, T.; Islam, K.R. Effect of long term no-till and conventional tillage practices on soil quality. Soil Tillage Res. 2013, 131, 28–35. [Google Scholar] [CrossRef]

	



Navarro-Noya, Y.E.; Gómez-Acata, S.; Montoya-Ciriaco, N.; Rojas-Valdez, A.; Suárez-Arriaga, M.C.; Valenzuela-Encinas, C.; Jiménez-Bueno, N.; Verhulst, N.; Govaerts, B.; Dendooven, L. Relative impacts of tillage, residue management and crop-rotation on soil bacterial communities in a semi-arid agroecosystem. Soil Biol. Biochem. 2013, 65, 86–95. [Google Scholar] [CrossRef]

	



Sala, O.E.; Chapin, F.S., III; Armesto, J.J.; Berlow, E.; Bloomfield, J.; Dirzo, R.; Huber-Sanwald, E.; Huenneke, L.F.; Jackson, R.B.; Kinzig, A.; et al. Global Biodiversity Scenarios for the Year 2100. Science 2000, 287, 1770–1774. [Google Scholar] [CrossRef] [PubMed]

	



van der Wal, A.; van Veen, J.A.; Smant, W.; Boschker, H.T.; Bloem, J.; Kardol, P.; van der Putten, W.H.; de Boer, W. Fungal biomass development in a chronosequence of land abandonment. Soil Biol. Biochem. 2006, 38, 51–60. [Google Scholar] [CrossRef]

	



Song, M.; Zou, D.-S.; Du, H.; Peng, W.-X.; Zeng, F.-P.; Tan, Q.-J.; Fan, F.-J. Characteristics of soil microbial populations in depressions between karst hills under different land use patterns. J. Appl. Ecol. 2013, 24, 2471–2478. [Google Scholar]

	



Potthast, K.; Hamer, U.; Makeschin, F. Land-use change in a tropical mountain rainforest region of southern Ecuador affects soil microorganisms and nutrient cycling. Biogeochemistry 2012, 111, 151–167. [Google Scholar] [CrossRef]

	



Kuramae, E.E.; Yergeau, E.; Wong, L.C.; Pijl, A.S.; Van Veen, J.A.; Kowalchuk, G.A. Soil characteristics more strongly influence soil bacterial communities than land-use type. FEMS Microbiol. Ecol. 2011, 79, 12–24. [Google Scholar] [CrossRef]

	



Lee, S.A.; Kim, J.M.; Kim, Y.; Joa, J.-H.; Kang, S.-S.; Ahn, J.-H.; Kim, M.; Song, J.; Weon, H.-Y. Different types of agricultural land use drive distinct soil bacterial communities. Sci. Rep. 2020, 10, 1–12. [Google Scholar] [CrossRef]

	



Agnelli, A.; Ascher, J.; Corti, G.; Ceccherini, M.T.; Nannipieri, P.; Pietramellara, G. Distribution of microbial com-munities in a forest soil profile investigated by microbial biomass, soil respiration and DGGE of total and extracellular DNA. Soil Biol. Biochem. 2004, 36, 859–868. [Google Scholar] [CrossRef]

	



Fierer, N.; Schimel, J.P.; Holden, P.A. Variations in microbial community composition through two soil depth profiles. Soil Biol. Biochem. 2003, 35, 167–176. [Google Scholar] [CrossRef]

	



Gittel, A.; Bárta, J.; Kohoutová, I.; Schnecker, J.; Wild, B.; Capek, P.; Kaiser, C.; Torsvik, V.L.; Richter, A.; Schleper, C.; et al. Site- and horizon-specific patterns of microbial community structure and enzyme activities in permafrost-affected soils of Greenland. Front Microbiol. 2014, 5, 541. [Google Scholar] [CrossRef] [PubMed]

	



Will, C.; Thürmer, A.; Wollherr, A.; Nacke, H.; Herold, N.; Schrumpf, M.; Gutknecht, J.; Wubet, T.; Buscot, F.; Daniel, R. Horizon-Specific Bacterial Community Composition of German Grassland Soils, as Revealed by Pyrosequencing-Based Analysis of 16S rRNA Genes. Appl. Environ. Microbiol. 2010, 76, 6751–6759. [Google Scholar] [CrossRef] [PubMed]

	



Fierer, N.; Allen, A.S.; Schimel, J.P.; Holden, P.A. Controls on microbial CO2 production: A comparison of surface and subsurface soil horizons. Glob. Chang. Biol. 2003, 9, 1322–1332. [Google Scholar] [CrossRef]

	



Hartmann, M.; Lee, S.; Hallam, S.J.; Mohn, W.W. Bacterial, archaeal and eukaryal community structures throughout soil horizons of harvested and naturally disturbed forest stands. Environ. Microbiol. 2009, 11, 3045–3062. [Google Scholar] [CrossRef] [PubMed]

	



Eilers, K.G.; Debenport, S.; Anderson, S.; Fierer, N. Digging deeper to find unique microbial communities: The strong effect of depth on the structure of bacterial and archaeal communities in soil. Soil Biol. Biochem. 2012, 50, 58–65. [Google Scholar] [CrossRef]

	



Fierer, N.; Grandy, A.S.; Six, J.; Paul, E.A. Searching for unifying principles in soil ecology. Soil Biol. Biochem. 2009, 41, 2249–2256. [Google Scholar] [CrossRef]

	



Chen, X.; Su, Y.; He, X.; Wei, Y.; Wei, W.; Wu, J. Soil bacterial community composition and diversity respond to cultivation in Karst ecosystems. World J. Microbiol. Biotechnol. 2011, 28, 205–213. [Google Scholar] [CrossRef] [PubMed]

	



Schimel, J.P.; Weintraub, M.N. The implications of exoenzyme activity on microbial carbon and nitrogen limitation in soil: A theoretical model. Soil Biol. Biochem. 2003, 35, 549–563. [Google Scholar] [CrossRef]

	



Cleveland, C.C.; Townsend, A.R.; Schmidt, S.K. Phosphorus limitation of microbial processes in moist tropical forests: Evidence from short-term laboratory incubations and field studies. Ecosystems 2002, 5, 0680–0691. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, T.; Gilliam, F.S.; Gundersen, P.; Zhang, W.; Chen, H.; Mo, J. Interactive effects of nitrogen and phosphorus on soil microbial communities in a tropical forest. PLoS ONE 2013, 8, e61188. [Google Scholar]

	



Fierer, N.; Chadwick, O.A.; Trumbore, S.E. Production of CO2 in Soil Profiles of a California Annual Grassland. Ecosystems 2005, 8, 412–429. [Google Scholar] [CrossRef]

	



Rumpel, C.; Kögel-Knabner, I. Deep soil organic matter—A key but poorly understood component of terrestrial C cycle. Plant Soil 2011, 338, 143–158. [Google Scholar] [CrossRef]

	



Madsen, E.L. Impacts of Agricultural Practices on Subsurface Microbial Ecology. Adv. Agron. 1995, 54, 1–67. [Google Scholar] [CrossRef]

	



Li, C.; Yan, K.; Tang, L.; Jia, Z.; Li, Y. Change in deep soil microbial communities due to long-term fertilization. Soil Biol. Biochem. 2014, 75, 264–272. [Google Scholar] [CrossRef]

	



Faust, K.; Raes, J. Microbial interactions: From networks to models. Nat. Rev. Genet. 2012, 10, 538–550. [Google Scholar] [CrossRef]

	



Naveed, M.; Herath, L.; Moldrup, P.; Arthur, E.; Nicolaisen, M.; Norgaard, T.; Ferré, T.P.; de Jonge, L.W. Spatial variability of microbial richness and diversity and relationships with soil organic carbon, texture and structure across an agricultural field. Appl. Soil Ecol. 2016, 103, 44–55. [Google Scholar] [CrossRef]

	



Seaton, F.M.; George, P.B.L.; Lebron, I.; Jones, D.L.; Creer, S.; Robinson, D.A. Soil textural heterogeneity impacts bacterial but not fungal diversity. Soil Biol. Biochem. 2020, 144, 107766. [Google Scholar] [CrossRef]

	



Liu, J.; Sui, Y.; Yu, Z.; Shi, Y.; Chu, H.; Jin, J.; Liu, X.; Wang, G. High throughput sequencing analysis of biogeographical distribution of bacterial communities in the black soils of northeast China. Soil Biol. Biochem. 2014, 70, 113–122. [Google Scholar] [CrossRef]

	



Rousk, J.; Brookes, P.C.; Bååth, E. Contrasting soil pH effects on fungal and bacterial growth suggest functional redundancy in carbon mineralization. Appl. Environ. Microbiol. 2009, 75, 1589–1596. [Google Scholar] [CrossRef] [PubMed]

	



Sandén, T.; Zavattaro, L.; Spiegel, H.; Grignani, C.; Sandén, H.; Baumgarten, A.; Tiirola, M.; Mikkonen, A. Out of sight—Profiling soil characteristics, nutrients and microbial communities affected by organic amendments down to one meter in a long-term maize cultivation experiment. Appl. Soil Ecol. 2018, 134, 54–63. [Google Scholar] [CrossRef]

	



Gu, Y.; Wang, Y.; Lu, S.; Xiang, Q.; Yu, X.; Zhao, K.; Zou, L.; Chen, Q.; Tu, S.; Zhang, X. Long-term fertilization structures bacterial and archaeal communities along soil depth gradient in a paddy soil. Front. Microbiol. 2017, 8, 1516. [Google Scholar] [CrossRef] [PubMed]

	



Frouz, J.; Prach, K.; Pižl, V.; Háněl, L.; Stary, J.; Tajovský, K.; Materna, J.; Balík, V.; Kalčík, J.; Řehounková, K. Interactions between soil development, vegetation and soil fauna during spontaneous succession in post mining sites. Eur. J. Soil Biol. 2008, 44, 109–121. [Google Scholar] [CrossRef]

	



Yuan, Y.; Zhao, Z.; Niu, S.; Li, X.; Wang, Y.; Bai, Z. Reclamation promotes the succession of the soil and vegetation in opencast coal mine: A case study from Robinia pseudoacacia reclaimed forests, Pingshuo mine, China. Catena 2018, 165, 72–79. [Google Scholar] [CrossRef]

	



Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. In Methods of Soil Analysis: Part 2. Chemical and Microbiological Properties; Page, A.L., Ed.; Soil Science Society of America and American Society of Agronomy: Madison, WI, USA, 1982; pp. 539–579. [Google Scholar] [CrossRef]

	



Zhao, J.; Zhang, R.; Xue, C.; Xun, W.; Sun, L.; Xu, Y.; Shen, Q. Pyrosequencing reveals contrasting soil bacterial diversity and community structure of two main winter wheat cropping systems in China. Microb. Ecol. 2014, 67, 443–453. [Google Scholar] [CrossRef] [PubMed]

	



Tkacz, A.; Hortala, M.; Poole, P.S. Absolute quantitation of microbiota abundance in environmental samples. Microbiome 2018, 6, 1–13. [Google Scholar] [CrossRef]

	



Smets, W.; Leff, J.W.; Bradford, M.A.; McCulley, R.L.; Lebeer, S.; Fierer, N. A method for simultaneous measurement of soil bacterial abundances and community composition via 16S rRNA gene sequencing. Soil Biol. Biochem. 2016, 96, 145–151. [Google Scholar]

	



Mou, J.; Li, Q.; Shi, W.; Qi, X.; Song, W.; Yang, J. Chain conformation, physicochemical properties of fucosylated chondroitin sulfate from sea cucumber Stichopus chloronotus and its in vitro fermentation by human gut microbiota. Carbohydr. Polym. 2020, 228, 115359. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.Q.; Yu, Y.N.; Gao, R.W.; Wang, H.; Zhang, J.; Li, R.; Long, X.H.; Shen, Q.R.; Chen, W.; Cai, F. High-throughput absolute quantification sequencing reveals the effect of different fertilizer applications on bacterial com-munity in a tomato cultivated coastal saline soil. Sci. Total Environ. 2019, 687, 601–609. [Google Scholar] [CrossRef] [PubMed]

	



Cai, F.; Pang, G.; Li, R.-X.; Li, R.; Gu, X.-L.; Shen, Q.-R.; Chen, W. Bioorganic fertilizer maintains a more stable soil microbiome than chemical fertilizer for monocropping. Biol. Fertil. Soils 2017, 53, 861–872. [Google Scholar] [CrossRef]

	



Huang, W.; Xian, Z.; Kang, X.; Tang, N.; Li, Z. Genome-wide identification, phylogeny and expression analysis of GRAS gene family in tomato. BMC Plant Biol 2015, 15, 209. [Google Scholar] [CrossRef]

	



Tian, Q.; Taniguchi, T.; Shi, W.-Y.; Li, G.; Yamanaka, N.; Du, S. Land-use types and soil chemical properties influence soil microbial communities in the semiarid Loess Plateau region in China. Sci. Rep. 2017, 7, srep45289. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, M.; Lee, K.; Scow, K. DNA fingerprinting reveals links among agricultural crops, soil properties, and the composition of soil microbial communities. Geoderma 2003, 114, 279–303. [Google Scholar] [CrossRef]

	



Seuradge, B.J.; Maren, O.; Neufeld, J.D. Depth-dependent influence of different land use systems on bacterial biogeography. Microbiol. Ecol. 2017, 93, fiw239. [Google Scholar]

	



Fu, X.; Shao, M.; Wei, X.; Horton, R. Soil organic carbon and total nitrogen as affected by vegetation types in Northern Loess Plateau of China. Geoderma 2010, 155, 31–35. [Google Scholar] [CrossRef]

	



Yimer, F.; Ledin, S.; Abdelkadir, A. Soil organic carbon and total nitrogen stocks as affected by topographic aspect and vegetation in the Bale Mountains, Ethiopia. Geoderma 2006, 135, 335–344. [Google Scholar] [CrossRef]

	



Karlen, D.L.; Mausbach, M.J.; Doran, J.W.; Cline, R.G.; Harris, R.F.; Schuman, G.E. Soil Quality: A Concept, Definition, and Framework for Evaluation (A Guest Editorial). Soil Sci. Soc. Am. J. 1997, 61, 4–10. [Google Scholar] [CrossRef]

	



Potthast, K.; Hamer, U.; Makeschin, F. Response of soil microbial activity and community structure to land use changes in a mountain rainforest region of Southern Ecuador. EGU Gen. Assem. Conf. Abstr. 2010, 2010, 11495. [Google Scholar]

	



Ge, J.; Wang, S.; Fan, J.; Gongadze, K.; Wu, L. Soil nutrients of different land-use types and topographic positions in the water-wind erosion crisscross region of China’s Loess Plateau. CATENA 2019, 184, 104243. [Google Scholar] [CrossRef]

	



Dadi, F.; Endalkachew, K.; Zerihun, K. Rethinking eucalyptus globulus labill. based land use systems in smallholder farmers livelihoods: A case of kolobo watershed, west shewa, Ethiopia. Ekológia 2018, 37, 57–68. [Google Scholar]

	



Duguma, L.; Hager, H.; Sieghardt, M. Effects of land use types on soil chemical properties in smallholder farmers of central highland Ethiopia. Ekológia 2010, 29, 1–14. [Google Scholar] [CrossRef]

	



Rhoades, C.C.; Coleman, E.D.C. Soil Carbon Differences among Forest, Agriculture, and Secondary Vegetation in Lower Montane Ecuador. Ecol. Appl. 2000, 10, 497–505. [Google Scholar] [CrossRef]

	



Gong, J.; Chen, L.; Fu, B.; Huang, Y.; Huang, Z.; Peng, H. Effect of land use on soil nutrients in the loess hilly area of the Loess Plateau, China. Land Degrad. Dev. 2005, 17, 453–465. [Google Scholar] [CrossRef]

	



Aerts, R.; Chapin, F.S., III. The mineral nutrition of wild plants revisited: A re-evaluation of processes and patterns. Adv. Ecol. Res. 2000, 30, 1–67. [Google Scholar]

	



Chen, X.; Li, B.L. Change in soil carbon and nutrient storage after human disturbance of a primary Korean pine forest in Northeast China. For. Ecol. Manag. 2003, 186, 197–206. [Google Scholar] [CrossRef]

	



Lajtha, K.; Schlesinger, W.H. The biogeochemistry of phosphorus cycling and phosphorus availability along a sesert soil chronosequence. Ecology 1998, 69, 24–39. [Google Scholar] [CrossRef]

	



Fetene, E.M.; Amera, M.Y. The effects of land use types and soil depth on soil properties of Agedit watershed, Northwest Ethiopia. Ethiop. J. Sci. Technol. 2018, 11, 39. [Google Scholar] [CrossRef]

	



Solomon, D.; Lehmann, J.; Mamo, T.; Fritzsche, F.; Zech, W. Phosphorus forms and dynamics as influenced by land use changes in the sub-humid Ethiopian highlands. Geoderma 2002, 105, 21–48. [Google Scholar] [CrossRef]

	



Chemeda, M.; Kibret, K.; Fite, T. Influence of different land use types and soil depths on selected soil properties related to soil fertility in Warandhab area, Horo Guduru Wallaga Zone, Oromiya, Ethiopia. Int. J. Environ. Res. 2017, 4, 555634. [Google Scholar]

	



Kiflu, A.; Beyene, S. Effects of different land use systems on selected soil properties in South Ethiopia. J. Soil Sci. Environ. Manag. 2013, 4, 100–207. [Google Scholar] [CrossRef]

	



Van der Eijk, D.; Janssen, B.H., Oenema. Initial and residual effects of fertilizer phosphorus on soil phosphorus and maize yields on phosphorus fixing soils. A case study in south—West Kenya. Agric. Ecosyst. Environ. 2006, 116, 104–120. [Google Scholar] [CrossRef]

	



Zhang, P.; Li, L.; Pan, G.; Ren, J. Soil quality changes in land degradation as indicated by soil chemical, biochemical and microbiological properties in a karst area of southwest Guizhou, China. Environ. Earth Sci. 2006, 51, 609–619. [Google Scholar] [CrossRef]

	



Williams, P.W. Environmental change and human impact on karst terrains. Catena Suppl. 1993, 25, 1–19. [Google Scholar]

	



Chen, G.; Gan, L.; Wang, S.; Wu, Y.; Wan, G. A comparative study on the microbiological characteristics of soils un-der different land use conditions from karst areas of southwest China. Chin. J. Geochem. 2001, 20, 52–58. [Google Scholar] [CrossRef]

	



Iovieno, P.; Morra, L.; Leone, A.; Pagano, L.; Alfani, A. Effect of organic and mineral fertilizers on soil respiration and enzyme activities of two Mediterranean horticultural soils. Biol. Fertil. Soils 2009, 45, 555–561. [Google Scholar] [CrossRef]

	



Nayak, D.R.; Babu, Y.J.; Adhya, T. Long-term application of compost influences microbial biomass and enzyme activities in a tropical Aeric Endoaquept planted to rice under flooded condition. Soil Biol. Biochem. 2007, 39, 1897–1906. [Google Scholar] [CrossRef]

	



da C Jesus, E.; Marsh, T.L.; Tiedje, J.M.; de S Moreira, F.M. Changes in land use alter the structure of bacterial communities in western amazon soils. Isme J. 2009, 3, 1004–1011. [Google Scholar] [CrossRef]

	



Mueller, R.C.; Belnap, J.; Kuske, C.R. Soil bacterial and fungal community responses to nitrogen addition across soil depth and microhabitat in an arid shrubland. Front. Microbiol. 2015, 6, 891. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.-S.; Wu, L.-K.; Chen, J.; Khan, M.A.; Luo, X.-M.; Lin, W.-X. Biochemical and microbial properties of rhizospheres under maize/peanut intercropping. J. Integr. Agric. 2016, 15, 101–110. [Google Scholar] [CrossRef]

	



Xiao, D.; Xiao, S.; Ye, Y.; Zhang, W.; He, X.; Wang, K. Microbial biomass, metabolic functional diversity, and activity are affected differently by tillage disturbance and maize planting in a typical karst calcareous soil. J. Soils Sediments 2019, 19, 809–821. [Google Scholar] [CrossRef]

	



Xiao, S.; Zhang, W.; Ye, Y.; Zhao, J.; Wang, K. Soil aggregate mediates the impacts of land uses on organic carbon, total nitrogen, and microbial activity in a Karst ecosystem. Sci. Rep. 2017, 7, srep41402. [Google Scholar] [CrossRef]

	



Lynn, T.M.; Liu, Q.; Hu, Y.; Yuan, H.; Wu, X.; Khai, A.A.; Wu, J.; Ge, T. Influence of land use on bacterial and archaeal diversity and community structures in three natural ecosystems and one agricultural soil. Arch. Microbiol. 2017, 199, 711–721. [Google Scholar]

	



Miethling, R.; Wieland, G.; Backhaus, H.; Tebbe, C. Variation of Microbial Rhizosphere Communities in Response to Crop Species, Soil Origin, and Inoculation with Sinorhizobium meliloti L33. Microb. Ecol. 2000, 40, 43–56. [Google Scholar] [CrossRef]

	



Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. Pyrosequencing-Based Assessment of Soil pH as a Predictor of Soil Bacterial Community Structure at the Continental Scale. Appl. Environ. Microbiol. 2009, 75, 5111–5120. [Google Scholar] [CrossRef] [PubMed]

	



Rousk, J.; Bååth, E.; Brookes, P.C.; Lauber, C.L.; Lozupone, C.; Caporaso, J.G.; Knight, R.; Fierer, N. Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 2010, 4, 1340–1351. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, J.; Cao, J.; Lan, G.; Liang, Y.; Wang, H.; Li, Q. The Influence of Land Use Patterns on Soil Bacterial Community Structure in the Karst Graben Basin of Yunnan Province, China. Forest 2019, 11, 51. [Google Scholar] [CrossRef]

	



Zhang, C.; Li, J.; Wang, J.; Liu, G.; Wang, G.; Guo, L.; Peng, S. Decreased temporary turnover of bacterial communities along soil depth gradient during a 35-year grazing exclusion period in a semiarid grassland. Geoderma 2019, 351, 49–58. [Google Scholar] [CrossRef]

	



Cheng, J.; Jing, G.; Wei, L.; Jing, Z. Long-term grazing exclusion effects on vegetation characteristics, soil properties and bacterial communities in the semi-arid grasslands of China. Ecol. Eng. 2016, 97, 170–178. [Google Scholar] [CrossRef]

	



He, S.; Guo, L.; Niu, M.; Miao, F.; Jiao, S.; Hu, T.; Long, M. Ecological diversity and co-occurrence patterns of bacterial community through soil profile in response to long-term switchgrass cultivation. Sci. Rep. 2017, 7, 3608. [Google Scholar] [CrossRef]

	



Jiménez-Bueno, N.; Valenzuela-Encinas, C.; Marsch, R.; Ortiz-Gutiérrez, D.; Verhulst, N.; Govaerts, B.; Dendooven, L.; Na-varro-Noya, Y. Bacterial indicator taxa in soils under different long-term agricultural management. J. Appl. Microbiol. 2016, 120, 921–933. [Google Scholar] [CrossRef] [PubMed]

	



Hansel, C.M.; Fendorf, S.; Jardine, P.M.; Francis, C.A. Changes in Bacterial and Archaeal Community Structure and Functional Diversity along a Geochemically Variable Soil Profile. Appl. Environ. Microbiol. 2008, 74, 1620–1633. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Liu, C.; Li, J.; Luo, Y.; Yang, Q.; Zhang, W.; Yang, P.; Feng, B. Responses of rhizosphere soil properties, enzyme activities and microbial diversity to intercropping patterns on the Loess Plateau of China. Soil Till. Res. 2019, 195, 104355. [Google Scholar] [CrossRef]

	



Liu, C.; Gong, X.; Dang, K.; Li, J.; Yang, P.; Gao, X.; Deng, X.; Feng, B. Linkages between nutrient ratio and the microbial community in rhizosphere soil following fertilizer management. Environ. Res. 2020, 184, 109261. [Google Scholar] [CrossRef] [PubMed]

	



Lei, Y.; Xiao, Y.; Li, L.; Jiang, C.; Zu, C.; Li, T.; Cao, H. Impact of tillage practices on soil bacterial diversity and composition under the tobacco-rice rotation in China. J. Microbiol. 2017, 55, 349–356. [Google Scholar] [CrossRef] [PubMed]

	



Fierer, N.; Bradford, M.A.; Jackson, R.B. Toward an ecological classification of soil bacteria. Ecology 2007, 88, 1354–1364. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Xiao, X.; Yin, X.; Wang, F. Bacterial community along a historic lake sediment core of Ardley Island, west Antarctica. Extremophiles 2006, 10, 461–467. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Cong, J.; Lu, H.; Li, G.; Qu, Y.; Su, X.; Zhou, J.; Li, D. Community structure and elevational diversity patterns of soil Acidobacteria. J. Enviro. Sci. 2014, 26, 1717–1724. [Google Scholar] [CrossRef]

	



Chu, H.; Fierer, N.; Lauber, C.L.; Caporaso, J.G.; Knight, R.; Grogan, P. Soil bacterial diversity in the Arctic is not fundamentally different from that found in other biomes. Environ. Microbiol. 2010, 12, 2998–3006. [Google Scholar] [CrossRef]

	



Chen, H.; Zhang, W.; Wang, K.; Fu, W. Soil moisture dynamics under different land uses on karst hillslope in northwest Guangxi, China. Environ. Earth Sci. 2010, 61, 1105–1111. [Google Scholar] [CrossRef]

	



Sun, B.; Roberts, D.M.; Dennis, P.G.; Caul, S.; Daniell, T.; Hallett, P.; Hopkins, D.W. Microbial properties and nitrogen contents of arable soils under different tillage regimes. Soil Use Manag. 2013, 30, 152–159. [Google Scholar] [CrossRef]

	



Jones, R.T.; Robeson, M.S.; Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. A comprehensive survey of soil acido-bacterial diversity using pyrosequencing and clone library analyses. ISME J. 2009, 3, 442–453. [Google Scholar] [CrossRef] [PubMed]

	



Shen, C.; Xiong, J.; Zhang, H.; Feng, Y.; Lin, X.; Li, X.; Liang, W.; Chu, H. Soil pH drives the spatial distribution of bacterial communities along elevation on Changbai Mountain. Soil Biol. Biochem. 2013, 57, 204–211. [Google Scholar] [CrossRef]

	



Griffiths, B.S.; Philippot, L. Insights into the resistance and resilience of the soil microbial community. FEMS Microbiol. Rev. 2013, 37, 112–129. [Google Scholar] [CrossRef] [PubMed]

	



Kielak, A.; Rodrigues, J.L.M.; Kuramae, E.E.; Chain, P.S.G.; Van Veen, J.A.; Kowalchuk, G.A. Phylogenetic and metagenomic analysis of Verrucomicrobia in former agricultural grassland soil. FEMS Microbiol. Ecol. 2010, 71, 23–33. [Google Scholar] [CrossRef]

	



Wang, P.; Chen, B.; Zhang, H. High throughput sequencing analysis of bacterial communities in soils of a typical Poyang Lake wetland. Acta Ecol. Sin. 2017, 37, 1650–1658. [Google Scholar]








[image: Soilsystems 06 00020 g001 550] 





Figure 1. Effect of the different land use types on soil nutrients in 0–20 cm and 20–40 cm soil depth. (A) Description of abbreviations, (B) SOC content, (C) TN content, (D) TP content, (E) NN content, (F) AN content, (G) AP content, (H) pH. The different letters are significantly different with ANOVA followed by Duncan’s multiple range test at the level of p < 0.05. ** and *** above green line and purple line indicate obvious difference at p < 0.01 and p < 0.001 at 0–20 cm and 20–40 cm soil depths, respectively. 
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Figure 2. Effect of the different types of land use on soil bacterial alpha diversity: (A) Chao1, (B) Shannon. ** and *** above green line and purple line indicate obvious difference at p < 0.01 and p < 0.001 at 0–20 cm and 20–40 cm soil depths, respectively, in the five different land use types (ANOVA); n is not statistically significantly different among the five different land use types (ANOVA). *, ** and *** after g/f/z/h/zm (1–2) indicate obvious difference at p < 0.05, p < 0.01 and p < 0.001 between 0–20 cm and 20–40 cm soil depth in the five different land use types, respectively (independent t-test), n is not statistically significantly different between 0–20 cm soil depth and 20–40 cm soil depth in the five different land use types, respectively (independent t-test). Results of two-way ANOVA for the effects of land use types (LUT) and soil depth (SD) on Chao1 and Shannon. g1: grass land at 0–20 cm; g2: grass land at 20–40 cm; f1: secondary forest land at 0–20 cm; f2: secondary forest land at 20–40 cm; z1: Zanthoxylum planispinum land at 0–20 cm; z2: Zanthoxylum planispinum land at 20–40 cm; h1: Hylocereus spp. land at 0–20 cm; h2: Hylocereus spp. land at 20–40 cm; zm1: Zea mays land at 0–20 cm; zm2: Zea mays land at 0–20 cm. 
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Figure 3. Absolute abundances ((A,C) represent 0–20 cm and 20–40 cm soil depth, respectively, 16S rRNA gene copy numbers per gram of soil) and relative abundances ((B,D) represent 0–20 cm soil depth and 20–40 cm soil depth, respectively, %) of the major bacterial phyla in all soil samples. g1: grass land at 0–20 cm; g2: grass land at 20–40 cm; f1: secondary forest land at 0–20 cm; f2: secondary forest land at 20–40 cm; z1: Zanthoxylum planispinum land at 0–20 cm; z2: Zanthoxylum planispinum land at 20–40 cm; h1: Hylocereus spp. land at 0–20 cm; h2: Hylocereus spp. land at 20–40 cm; zm1: Zea mays land at 0–20 cm; zm2: Zea mays land at 0–20 cm. 
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Figure 4. Principal coordinate analysis (PCoA) of soil bacterial communities (Bray–Curtis) for all soil samples. g1: grass land at 0–20 cm; g2: grass land at 20–40 cm; f1: secondary forest land at 0–20 cm; f2: secondary forest land at 20–40 cm; z1: Zanthoxylum planispinum land at 0–20 cm; z2: Zanthoxylum planispinum land at 20–40 cm; h1: Hylocereus spp. land at 0–20 cm; h2: Hylocereus spp. land at 20–40 cm; zm1: Zea mays land at 0–20 cm; zm2: Zea mays land at 0–20 cm. 
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Figure 5. The heatmap of the distributions of the 30 richest bacterial genera at 0–20 cm soil depth and 20–40 cm soil depth. The absolute abundances of bacterial genera in soil are indicated by color intensity. g1: grass land at 0–20 cm; g2: grass land at 20–40 cm; f1: secondary forest land at 0–20 cm; f2: secondary forest land at 20–40 cm; z1: Zanthoxylum planispinum land at 0–20 cm; z2: Zanthoxylum planispinum land at 20–40 cm; h1: Hylocereus spp. land at 0–20 cm; h2: Hylocereus spp. land at 20–40 cm; zm1: Zea mays land at 0–20 cm; zm2: Zea mays land at 0–20 cm. 
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Figure 6. Spearman’s rank correlation coefficients between soil properties and microbial varieties (Chao1 and Shannon index; PCoA) at 0–20 cm soil depth (A) and 20–40 cm soil depth (B), respectively. *, ** and *** indicate obvious difference at p < 0.05, p < 0.01 and p < 0.001 between soil properties and microbial Chao1, Shannon index; PCoA. 
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Figure 7. Ranking diagram of the redundancy analysis (RDA) to identify the relationship between soil nutrients (red arrows) and the richness of soil microbial phyla (black dots) at 0–20 cm soil depth (A) and 20–40 cm soil depth (B), respectively; Spearman rank correlation coefficients between soil nutrients and the abundance of soil microbial phyla at 0–20 cm soil depth (C) and 20–40 cm soil depth (D), respectively. *, ** and *** indicate obvious difference at p < 0.05, p < 0.01 and p < 0.001 between soil nutrients and the abundance of soil microbial phyla. 
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Figure 8. Variance partitioning of the proportion of variation in bacterial community that can be explained by nutrient variables (SOC, TN, TP, AN, NN, AP), different land use types (LUTs), and soil depth (SD), as well as residual unexplained variation. Values < 0 are not shown. 
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Figure 9. Structural equation model (SEM) among soil nutrients, pH, different land use types, soil depth, and bacterial community diversity. 
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Table 1. Results of two-way ANOVA for the effects of land use type (LUT) and soil depth (SD) on SOC, TN, TP, NN, AN, AP, and pH, F: F-value.
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Treatment

	
df

	
SOC

	
TN

	
TP

	
NN

	
AN

	
AP

	
pH






	

	

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
LUT

	
4

	
58.7

	
<0.0001

	
18.5

	
<0.0001

	
3.2

	
0.023

	
13.2

	
<0.0001

	
174.5

	
<0.0001

	
22.6

	
<0.0001

	
90.0

	
<0.0001




	
SD

	
1

	
46.3

	
<0.0001

	
14.9

	
0.0004

	
5.2

	
0.028

	
14.7

	
0.0004

	
127.4

	
<0.0001

	
40.2

	
<0.0001

	
76.6

	
<0.0001




	
LUT × SD

	
4

	
59.1

	
<0.0001

	
1.2

	
0.309

	
1.0

	
0.399

	
18.3

	
<0.0001

	
64.4

	
<0.0001

	
14.5

	
<0.0001

	
75.3

	
<0.0001
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Table 2. Results of two-way ANOVA for the effects of land use type (LUT) and soil depth (SD) on the absolute abundance of Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes, Planctomycetes and Proteobacteria, F: F-value.
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Treatment

	
df

	
Acidobacteria

	
Actinobacteria

	
Bacteroidetes

	
Chloroflexi

	
Gemmatimonadetes

	
Planctomycetes

	
Proteobacteria






	

	

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p




	
LUT

	
4

	
11.1

	
<0.0001

	
27.0

	
<0.0001

	
5.4

	
0.001

	
16.3

	
<0.0001

	
4.3

	
0.006

	
9.8

	
<0.0001

	
8.0

	
<0.0001




	
SD

	
1

	
16.5

	
0.0002

	
19.3

	
<0.0001

	
22.4

	
<0.0001

	
17.7

	
0.0001

	
24.8

	
<0.0001

	
7.4

	
0.004

	
9.1

	
0.004




	
LUT × SD

	
4

	
0.8

	
0.545

	
8.1

	
<0.0001

	
1.8

	
0.144

	
1.6

	
0.200

	
1.3

	
0.294

	
0.8

	
0.539

	
0.9

	
0.461
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