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Abstract

:

Soil erosion is prevalent in karst areas, but few studies have compared the differences in the drivers for soil microbial communities among karst ecosystems with different soil depths, and most studies have focused on the local scale. To fill this research gap, we investigated the upper 20 cm soil layers of 10 shallow–soil depth (shallow–SDC, total soil depth less than 100 cm) and 11 deep–soil depth communities (deep–SDC, total soil depth more than 100 cm), covering a broad range of vegetation types, soils, and climates. The microbial community characteristics of both the shallow–SDC and deep–SDC soils were tested by phospholipid fatty acid (PLFAs) analysis, and the key drivers of the microbial communities were illustrated by forward selection and variance partitioning analysis. Our findings demonstrated that more abundant soil nutrients supported higher fungal PLFA in shallow–SDC than in deep–SDC (p < 0.05). Furthermore, stronger correlation between the microbial community and the plant–soil system was found in shallow–SDC: the pure plant effect explained the 43.2% of variance in microbial biomass and 57.8% of the variance in the ratio of Gram–positive bacteria to Gram–negative bacteria (G+/G−), and the ratio of fungi to total bacteria (F/B); the pure soil effect accounted for 68.6% variance in the microbial diversity. The ratio of microbial PLFA cyclopropyl to precursors (Cy/Pr) and the ratio of saturated PLFA to monounsaturated PLFA (S/M) as indicators of microbial stress were controlled by pH, but high pH was not conducive to microorganisms in this area. Meanwhile, Cy/Pr in all communities was >0.1, indicating that microorganisms were under environmental stress. Therefore, the further ecological restoration of degraded karst communities is needed to improve their microbial communities.
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1. Introduction


Soil microorganisms play an important role in nutrient cycling and biogeochemical cycles [1]. They are subject to a variety of factors, including soil properties, human activity such as reclamation [2] and forest management [3], vegetation types [4], succession stage [5] and regional climate change [6,7]. It has been suggested that microorganisms are not homogeneously distributed in soils, even with consistently stable environments [8]. They are expected to be heterogeneously distributed in complex soil environments, with different features affecting soil microorganisms to different extents depending on the niche they occupy [9]. To better understand the drivers of soil microbial communities, the combination of impacts, such as tree planting and soil [10], plant protection and agricultural management [11], land use patterns coupled with soil depth [12] and site, land use intensity and management [13], are receiving much more attention. Recent studies have considered the drivers of soil microbial communities at the landscape and regional scales [14,15], and at which scale environmental factors such as precipitation [16], slope aspect [17] or nitrogen concentration [18] exhibit regular gradients. However, gradients of factors in space are not easily found in highly heterogeneous karst areas [19,20]. This makes it more difficult to explore the driving factors of microbial communities in these areas on a regional scale, as the scale is complicated by interactions among biogeography, climate, and soil abiotic conditions [21,22].



The southwest China karst area is the largest of the three major continuous karst areas in the world [23]. Carbonate rocks are not able to produce much soil for their extremely slow soil formation rate. This has resulted in soils of the southwest China karst area being shallow [24]. Additionally, the carbonate rocks have developed broken karst surfaces through long–term hydro–chemical process due to the highly soluble carbonate rocks, strong vertical and horizontal flow exchange of groundwater and surface water, and the steep landforms of southwest China. Together, these conditions have led to serious soil loss [25,26,27]. In addition, this area is densely populated by communities of poor people mainly engaged in agriculture that involves considerable vegetation destruction [28]. This karst area has specific regional characteristics because of its different natural foundations (topography, climate, etc.) and the influence of different human social conditions determined by population and economics [28]. Therefore, different degrees of soil erosion prevail in the southwest China karst area, resulting in surface rock exposure and the uneven distribution of soil depth. In areas with severe karst rocky desertification (KRD), the soil is shallow, whereas in areas with light or no KRD the soil layer is deeper. Soil is the foundation of terrestrial ecosystems. It is well known that poorer plant and soil characteristics are always found for communities developed in shallow soil than for communities developed in deep soil [29,30,31]. Rocky desertification and shallow soils are the primary basis of ecological disasters in Southwest China. This has seriously hindered the economic growth and has a direct and significant impact on the 1.7 million people living in this karst region [24].



Microbial communities play an important role in soil fertility and plant succession [32]. Therefore, the study of the driving factors of soil microbial communities in karst areas is a necessary basis for the ecological restoration of this area. Previous studies have found that communities with deep soil depth are rich in soil organic matter and have higher fungal and bacterial diversity, ratios of fungi to bacteria, and microbial biomass than communities with shallow soil depth [33,34,35,36]. However, previous studies in karst regions have not distinguished the differences between communities with different soil depths when exploring the impact factors of microorganisms [37,38,39]. Consequently, there remains a lack of knowledge of the effects of environmental factors on microbial community composition and the structure of the communities of different soil depths. The combination of these factors and the definition of the proportion of each factor in karst communities developed in different soil depths will assist our ability to understand the importance of soil microbial communities in regulating ecosystem structure and function.



Based on the previous considerations, this study aimed to distinguish the characteristics of soil microbial communities and the driving factors in karst communities with different soil depths. We hypothesized that (1) microbial biomass and species diversity would be lower in shallow soil depth communities (shallow–SDC) than in deep soil depth communities (deep–SDC); (2) soil microbial communities in shallow–SDC would be more strongly driven by plant and edaphic factors than in deep–SDC; (3) and the microbial community would have stronger resistance to stress in shallow–SDC than in deep–SDC.




2. Materials and Methods


2.1. Site Description


This study was located in Guizhou Province, Southwestern China (24°37′–29°13′ N, 103°36′–109°35′ E). This area covers approximately 17.6 × 106 ha and has an elevation range 153–2885 m (Figure 1). The region has a subtropical humid monsoon climate and is dominated in its natural state by evergreen broad–leaf forest. For the past 30 years the mean annual temperature (MAT) range was 6.8~20.5 °C, the mean annual precipitation (MAP) range was between 761 and 1507 mm, and mean accumulated temperature (>0 °C) was 8.9~20.5 °C. Most rainfall occurs from April to August. The landform is plateau or mountain, soils are generally shallow, mainly derived from limestone, and are prone to severe soil erosion. Since about the year 2000, the area of rocky desertification has been gradually decreased by many vegetation restoration projects. In 2016, it had an area of about 2.47 × 106 ha, approximately 14.03% of the total land area of Guizhou Province.




2.2. Community Investigation and Sample Collection


Plant community investigation and sampling were undertaken in June and July 2019. Twenty–one karst ecosystems (including 3 sites of natural communities, 5 sites of abandoned land, 7 sites of economic plantation and 6 sites of ecological restoration forest) were divided into two groups; shallow–SDC consists of 10 ecosystems with soil depth less than 100 cm and deep–SDC consists of 11 ecosystems with soil depth of at least 100 cm (Figure 1). Sites for natural grassland, shrubs, and secondary forest have been maintained for centuries, whereas the ecological restoration of forests and economic plantations has been undertaken since the 1990s. The abandonment of cropping on restoration sites has occurred mainly in the last decade.



At every site, ten sampling quadrats were selected (1 m × 1 m) for investigation of herbs and another five sampling quadrats were selected (10 m × 10 m) for investigation of woody plants. GPS coordinates and the elevation of each site were determined, and their slope and aspect were recorded. Height, diameter at breast height ((DBH, 1.3 m) and coverage were measured for all trees and the number of each tree species was recorded. Shrubs and herb species were identified and measured in each quadrat. Samples of each herb species were placed into separate envelope bags, and then dried, weighed and crushed. The leaves of shrubs and trees in each quadrat were collected from at least 6 dominant plants and mixed to form one composite plant sample per plot and then stored at 4 °C for further analysis. Three plots (1 m × 1 m) of the ten samples were randomly selected in each site to determine herb and litter biomass. Woody plants biomass was calculated by models according to the measured DBH (Table S1), diameter at ground level and tree height.



Soil at depths of 0–20 cm was collected from three plots per site, providing a total of 63 plots sampled. Soil samples were mixed from at least 6 soil cores, and then stones, root, animal and plant debris were removed. These samples were then placed in ice boxes and immediately transported to the laboratory. Each soil sample was then divided into three portions. One portion was air dried and sieved through 2 mm and 0.15 mm mesh for testing soil properties. A second portion was immediately placed into a freezer at −80 °C to be used to determine the soil microbial indices, and the remaining soil sample was stored at 4 °C for backup analysis.




2.3. Sample Analysis


2.3.1. Plant and Soil Physicochemical Properties


Soil depth was measured by a 1.5 m sharp steel. Soil depth of more than 1 m was recorded as 1 m. Soil temperature at 5 cm soil depth (Ts) was determined by a portable soil thermometer. In the laboratory, for 100 cm3 soil cores, gravimetric soil water content (SWC) and bulk density (BD) at 0–20 cm were determined by drying soil samples at 105 °C for 48 h. Soil pH was measured using a pH meter with a soil–to–water ratio of 1:2.5 (w/v); soil texture (sand, silt and clay) was measured using a soil particle composition analyzer; soil organic carbon (SOC) was measured by wet oxidation with KCr2O7 and H2SO4, and titration with FeSO4; total nitrogen (soil TN) was measured by the Kjeldahl method; ammonium–nitrogen (NH4+) and nitrate–nitrogen (NO3−) were measured using phenolic disulfonic acid colorimetry and indophenol blue colorimetry; available phosphorus (soil AP) and available potassium (soil AK) were measured using the M3 leaching agent and detected by spectrophotometer and flame photometer, respectively; total phosphorus (soil TP), total potassium (soil TK), soil calcium (soil Ca) and soil magnesium (soil Mg) were measured by a spectrophotometer after HF–HClO4 resolution. Plant and litter main element contents (C, N, P, K, Ca and Mg) were all analyzed by the same method as for soil total elements (SOC, TN, TP, TK, soil Ca and soil Mg). Detailed step reference was according to the China agricultural standard (2006). The stoichiometric characteristics of soil, litter and leaf, including C:N, C:P, N:P, P:K and Ca:Mg, were calculated.




2.3.2. Phospholipid Fatty Acid (PLFA) Analysis


PLFAs were extracted from subsamples (8 g) using a mixture of chloroform, methanol, and phosphate buffer according to a method modified from Zhao et al. [40]. Nonadecanoic acid methyl ester 19:0 was added as the internal standard. Samples were analyzed using gas chromatography (Agilent 6890 Series, Agilent Technologies, Palo Alto, Santa Clara, CA, USA). The concentrations of the individual compounds were obtained by comparing the peaks with a standard mixture of saturated fatty acids and unsaturated fatty acids by combination with the MIDI microbial identification system (MIDI, Inc., Newark, NJ, USA). Soil microbial PLFAs were evaluated to determine the biomass and structural diversity of soil microorganisms [41]. The biological indicators of phospholipid fatty acids according, to Ma et al. [42], Pasayat [43] and Veum et al. [44] are shown in Table 1.



A total of 85 microbial PLFAs were identified (Table 1). We further compared the PLFAs assigned to six microbial groups, including general bacterial PLFA, Gram–positive bacterial PLFA (G+), Gram–negative bacterial PLFA (G−), fungal PLFA (F), actinomycetic PLFA and eukaryotic PLFA. Total bacterial PLFA (B) is the sum of general bacterial PLFA, G+ and G−, and 6 microbial physiological indices of community structure were used, including microbial abundance, microbial diversity, G+/G−, F/B, ratio of cyclopropyl/precursors as calculated by (cy17:0 + cy19:0)/(16:1ω7 + 18:1ω7) (Cy/Pr), ratio of saturated PLFA to monounsaturated PLFA (S/M).





2.4. Data Analysis


2.4.1. Plant Species Diversity Calculation


Four typical indices were selected to represent the diversity characteristics of plant communities.



(1) Species abundance index (S)


S = N/A



(1)







(2) Shannon–Wiener species diversity index (H)


  H = −  ∑   P i  × l n  P i   



(2)







(3) Simpson dominance index (D)


  D = 1 −  ∑   P i    2   



(3)







(4) Pielou evenness index (J)


  J = H / lnS  



(4)




where N is the number of species in each quadrat, A is sample area, m2, and A = 1 when calculating microbial abundance. Pi is the importance values of species i, which are calculated as follows [45]:




	
Tree Pi = (relative frequency + relative density + relative basal coverage)/3



	
Shrub Pi = (relative frequency + relative density + relative coverage)/3



	
Herbs Pi = (relative frequency + relative height + relative coverage)/3








Where the relative density of the tree layer = the number of individuals species in the quadrat/the total number of individuals of species; relative frequency = the number of occurrences of one species in a certain quadrat/the total number of occurrences of all species; relative basal coverage = area at breast height of one species in the quadrat/area at breast height of all species.




2.4.2. Soil Microbial Diversity Calculation


Two main indices were selected to represent the diversity characteristics of soil microbial communities.



	(1)

	
Species abundance index (S)


S = N



(5)








	(2)

	
Shannon–Wiener species diversity index (H)


  H = −  ∑   P i  × l n  P i   



(6)




where N is the number of soil microbial PLFAs in each soil sample. Microorganism Pi = relative concentration, calculated by the ratio of the content of each PLFA to the total microbial PLFA content of the sample.








2.4.3. Selection of Minimum Data Set


Principal component analysis (PCA) was used to select the minimum data set (MDS) of soil PLFA variables, plant, edaphic and environmental background factors according to the method described in Guan and Fan [46], so that the representative and brief correlation analysis results could be presented. We took into consideration, for the MDS, the following conditions: (1) principal components (PCs) with eigenvalues ≥1 [47] and which explained more than 4% of the total variation; (2) indices with the maximum weight and over 90% of the maximum in each PC [48]; (3) correlation coefficient based on Pearson’s correlation analysis between indicators within a PC should be less than 0.6 [49]. When there is more than one high–loading indicator in a single PC and they are highly correlated (>0.6) with each other, only the indicator with the highest eigenvector was selected [50].




2.4.4. Statistical Analysis


The normal distribution of data was tested by Kolmogorov–Smirnov. Significant differences in indices of soil microbial community and environmental factors between two kinds of communities with shallow and deep soil depth were tested by independent sample t test at the 0.05 level. Data that did not conform to the normal distribution were tested by independent samples t test in a nonparametric test. PCA was used to select the MDS of indices in SPSS 22. The Pearson’s correlation analysis was tested between microbial indices and environmental factors. Major factors that significantly affect microbial community were analyzed with factor analysis by forward selection (alpha = 0.05). The pure and combined effects of environmental background, plant and edaphic factors were determined with variance partitioning analysis (VPA) in R 4.0. The histogram was drawn by Origin 2019.





2.5. Other Data Source


For topographic and climatic data (mean annual precipitation and mean annual temperature) in this study, refer to http://www.resdc.cn/.





3. Results


3.1. Physiochemical Properties of the Plant and Soil of the Two Soil Depth Community Categories


Soil nutrients in shallow–SDC were more abundant than those in deep–SDC. The differences in SOC, soil TN, soil TP, soil C:P, soil N:P, SWC, NH4+, soil AP and soil Ca between the two communities were significant (Table 2) (p < 0.05). The pH in the shallow–SDC (7.45) was also significantly higher than that in the deep–SDC (6.07) (p < 0.05). Similarly, significantly higher contents of leaf Ca, Mg and litter Ca, Mg were found in the shallow–SDC compared to the deep–SDC (p < 0.05). In contrast, significantly higher woody biomass, leaf C:N and litter C contents were found in the deep–SDC than in the shallow–SDC (p < 0.05). However, no significant differences in plant community diversity indices (S, H, D, J) were observed between the two communities.




3.2. Soil PLFA Profiles of the Two Soil Depth Communitiey Categories


Fungal PLFA was significantly higher in shallow–SDC than in the deep–SDC (p < 0.01), but no significant differences in the other microbial PLFA were found between the two communities (Figure 2). Similarly, compared to deep–SDC, significantly higher soil microbial PLFA indices, including microbial S, microbial H, F/B, Cy/Pr and S/M, were found in the shallow–SDC (p < 0.01).




3.3. Pearson’s Correlation Analysis between Soil PLFA Profiles and Environmental Factors in the Communities with Shallow and Deep Soil Depths


The precise MDS of PLFA indices contained four indicators: total PLFA, G+/G−, Cy/Pr, and microbial S (Tables S2 and S3). Similarly, we selected four edaphic factors (SOC, TP, TK, soil Mg (Tables S4 and S5)), four background factors (sand, clay, MAP, MAT (Tables S6 and S7)), and eleven plant factors (leaf P, leaf C:N, leaf C:P, leaf N:P, plant community D, litter C, litter N, litter K, litter Mg, woody biomass and litter biomass (Tables S8 and S9)).



Pearson’s correlation analysis showed that significant negative correlation between total PLFA and SOC was observed in both soil depth communities (p < 0.05). However, the correlations between total PLFA and environmental factors were weak (Figure 3). The correlation between microbial S and SOC was significantly positive (p < 0.05). Significant negative correlation between MAP and microbial S, and significant positive correlation between leaf C:P and microbial S, were only found in the shallow–SDC (p < 0.05). In addition, significant positive correlation between Cy/Pr and plant factors, including plant D, leaf C:P, N:P, and woody biomass, was only found in the shallow–SDC (p < 0.05). Significant positive correlation between G+/G− and MAT was observed in all communities. However, significant negative correlation between edaphic factors (including soil TK, Mg and sand) and G+/G− was only found in the deep–SDC (p < 0.05).




3.4. Combined Effects of Plant, Edaphic and Background Factors on Microbial Communities


Forward selection revealed that 36 of the 48 factors considered in the study were selected in the models, including background variables (MAT, elevation, sand), edaphic variables (BD, SWC, NH4+, NO3−, pH, Ts, SOC, TN, TP, AP, AK, TK, Ca, Mg, C:N, C:P, N:P) and plant variables (herb biomass, woody biomass, J, S, leaf parameters (C, N, P, K, Ca, Mg, N:P) and litter parameters (litter biomass, P, Mg, C:N, C:P)) (Table S10). VPA further demonstrated that soil microbial PLFA profiles were mainly affected by edaphic factors, with data from all communities (Figure 4a–d).



Pure plant effects explained the largest amounts of variance in the six kinds of microbial PLFA content (general bacteria, G+, G−, fungi, eukaryote, actinomycete) (43.2%) (Figure 4e) and G+/G− and F/B (57.8%) (Figure 4f) in shallow–SDC. These were obviously higher than those in deep–SDC (8.9% and 6.1%) (Figure 4i,j). Similarly, pure soil effects explained 68.6% of the variance in microbial S and H in shallow–SDC (Figure 4h). This was obviously higher than that for deep–SDC (26.4%) (Figure 4l). Strong overlaps existed between edaphic and background factors for Cy/Pr and S/M in deep–SDC (26.8%), although the pure effect of background factors was small (3.6%), suggesting that background factors may indirectly affect Cy/Pr and S/M through edaphic factors (Figure 4k).





4. Discussion


4.1. Driving Factors of Microbial Biomass and Diversity


Although the environment of shallow–SDC, degraded karst ecosystems with serious soil erosion, is harsh [51], higher fungal PLFA and microbial S, H were observed in shallow–SDC than in deep–SDC. Further, the PLFA of general bacteria, G+, G−, eukaryote and actinomycete, did not differ significantly between these two communities (Figure 2). These findings do not support our first hypothesis that microbial biomass and species diversity would be lower in the shallow–SDC than in the deep–SDC. The possible explanations are as follows: (1) rock outcrops that occur in shallow–SDC provide sufficient rock weathering products [31,52]; (2) litter tends to collect on soil surfaces other than bare rock in shallow–SDC, resulting in more abundant litter supply on the soil surface of shallow–SDC than for deep–SDC. Both phenomena contribute to increased soil nutrients in shallow–SDC, and this was conducive to microbial biomass and diversity (Table 2). Thus, even though higher woody plant biomass and plant carbon form leaf C and litter C were found in deep–SDC, higher soil nutrient contents were found in shallow–SDC than in deep–SDC (Table 2).



In our study, edaphic factors were the main drivers for microbial biomass in all communities. Strong edaphic effects on soil microbial biomass were mainly associated with SWC, pH and soil C:N (Table S10). This was similar to the previous findings that SWC, pH and soil C:N were always considered to be the most significant factors affecting soil microbial community at the regional scale [9,18,35,53,54,55,56]. However, most studies support that SWC is positively correlated with microbial biomass [57,58,59]. In our study, SWC was negatively correlated with microbial biomass. A possibility is that an increase in SWC may not promote microbial biomass or even reduce it [54,60] because high–SWC–induced low soil oxygen might suppress microbial activity [61]. In our study, SWC (ranging from 18.21 to 46.07%, and averaging 32.57%) was generally higher than that in the study of Ma et al. [54] (SWC 3–35%), who found that higher G− and fungi levels were observed for drier soils; Yu et al. [62] also showed that soil microbial biomass in a typical karst landform area was higher in the dry than in the wet season. This conclusion is inconsistent with the common observation that soil water shortage in karst areas results from severe leakage loss and surface runoff [63]. Possibly, this is because we sampled during the rainy season. As soil microbial abundance, community structure and biomass vary with season [64], this conclusion may apply only to the rainy season. As another reason, a positive relationship has always been found between SWC and microbial biomass, mainly because water is essential for nutrient cycling in soil [65,66]. Higher SWC is conducive to dissolving more available nutrients, and this has a strong influence on the microbial community [67,68]. In our study, NO3− and AP are generally considered as major factors conducive to soil microbial biomass by providing food sources. This has been demonstrated in studies throughout the world [69,70] as being negatively correlated with SWC (Table S4). This phenomenon changes the connection between higher SWC and more nutrients, and this determined the positive correlation between SWC and microbial biomass in our study. Similarly, SOC was negatively correlated with microbial biomass, which is contrary to previous results that indicate that SOC plays an important role in shaping soil microbial communities at the regional and continental scales [9,71,72]. In brief, microbial biomass was not tightly and closely coupled to a single soil nutrient index for the complex fluctuations of various soil nutrients in this study. This result is consistent with the study of Ma et al. [54], which reported that microbial biomass was similar with different contents of mixed available nutrients. As previous studies have shown, no single biotic or abiotic factor is consistently the most important in determining soil microbial composition and biomass across global, regional and local scales. Essentially, it is mainly dependent on the gradients of factors influencing the sample, as the soil environment is so heterogeneous [73]. The effects of the complex interlacing among factors on microbial biomass, which we did not consider in our study, may account in part for the unexplained variation in biomass, which was a considerable component (43.7% in shallow–SDC and 59.1% in deep–SDC) (Table S10, Figure 4). Therefore, more attention should be paid to the combination of the effects of multiple factors on microbial biomass in karst areas.



The combined forward selection and VPA showed that microbial biomass and diversity in shallow–SDC were explained more by plant and edaphic factors than in deep–SDC (Figure 4). This supports our second hypothesis that the soil microbial community in shallow–SDC would be more strongly driven by plant and edaphic factors than that in deep–SDC. Microbial biomass in shallow–SDC could be primarily explained by plant variables (Figure 4, Table S10). The positive correlation between plant factors and microbial biomass in degraded ecosystems has been shown in previous studies [10,39]. Therefore, vegetation restoration should have an important role in improving microbial biomass in shallow–SDC karst areas. Background environmental factors (including soil texture, elevation, MAT and MAP) had no significant direct impact on microbial biomass as compared to plant and soil factors in our study (Figure 4a,e,i). It is always assumed that the ultimate “distal” control of microbial community composition is enacted through its effects on plant and soil [7,55].



Our study demonstrated that 68.6% of the variation in soil microbial S and H was explained by pure edaphic factors associated with soil TN in shallow–SDC (Figure 4h, Table S10). This finding is consistent with previous studies [74,75,76], as nutrient–rich communities often have higher microbial S and H [52,77]. In addition, rock outcrops in shallow–SDC resulted in high habitat heterogeneity, thus supporting higher microbial diversity. This is consistent with a previous report that microbial diversity was greater in the KRD areas than in the non–KRD areas [37]. Plant species diversity (S, H, D, J) had no significant effect on microbial S and H (Table S10). This agrees with a previous study that found that no clear relationships between plant species diversity and microbial diversity were found in a karst region [75]. Therefore, the soil recovery of shallow–SDC is the most effective way to improve microbial diversity.




4.2. Driving Factors of Microbial Community Structures


G+/G− and F/B have the ability to predict ecosystem functions by the method of PLFA [78]. Generally, G+/G− are described as having the capacity for resistance to nutritional stress [52], as G+ are considered as K–strategists that are better able to tolerate stress and grow more slowly on substrate–limited environments, while G− are considered as r–strategists that proliferate in soils with a large supply of nutrients [79,80,81]. Similarly, F/B is indicative of the prevalence of K–strategists, and increasing F/B can also indicate the increase in microbial community structure resistance [82]. In the present study, higher F/B was observed in shallow–SDC, supporting our third hypothesis that the microbial community would have stronger resistance to stress in shallow–SDC than in deep–SDC. This was because microbes adapt to their environment by adjusting the composition of different functional microorganisms, and fungi as K–strategists have a higher competitive advantage in harsh environments [83].



We found that G+/G− and F/B were positively correlated with MAT in both soil depth communities (Figure 3, Table S10). However, previous studies confirmed that high temperatures reduced fungal biomass, whereas bacterial biomass was almost unaffected, thus reducing F/B [84,85,86]. A possible explanation is that the climatic conditions of our study were different from those of previous studies, and that the resource–ecological and limiting conditions for each group of microbial communities were different, resulting in the different response of microorganisms to climate [87,88]. G+/G− and F/B were controlled by plant factors in shallow–SDC, whereas no significant edaphic factors were observed. However, other research has found that G+/G− and F/B are not only controlled by plant factors, such as vegetation types and litter characteristics, but are also strongly influenced by edaphic factors, such as moisture, C and N availability [52,78,89,90,91,92]. There are several possible interpretations. Firstly, as analyzed above, variable contents of water and the many nutrients in the communities studied weakened their relationship with G+/G− and F/B. In shallow–SDC, outcrop rocks were more susceptible to weathering to produce nutrients, and the greater presence of rock fissures in shallow–SDC led to severe nutrient loss, resulting in a complex correlation between nutrients. For example, no consistent trends were observed between NO3− and NH4+ in this study (coefficient = −0.18) (Table S4), as both of them had a strong positive effect on bacteria [93], and higher NO3− and NH4+ may support higher bacterial biomass and contribute to lower F/B [86,89]. Thus, the negative correlation between NO3− and NH4+ weekend their relationship with F/B. In addition, soil C:N in this study ranged from 5.58 to 11.63, averaging 9.20, which may not favor fungi or bacteria, given that fungi have soil C:N ratios that range from 10:1 to 15:1, while bacteria have C:N ratios ranging from 3.5:1 to 7:1 [94]. This resulted in a weak link between F/B and soil C:N. As such, the edaphic factors tested here did little to explain the variation in F/B and G+/G− in shallow–SDC. Plants serve as the main source of nutrients, such as C, but communities with shallow soil depth cannot support as many woody plants as communities with deep soil depth (Table 2), which support plants that provide more C required for soil microbial growth. Therefore, plant factors, such as woody biomass, litter C:N, and litter C:P, would be in greater demand and contribute more to microbial K–strategists in shallow–SDC.



Cy/Pr as well as S/M have been proposed as sensitive and valid indicators of stress conditions [95,96]. In our study, significantly higher Cy/Pr and S/M were found in shallow–SDC than in deep–SDC, suggesting higher stress for the microbial community of shallow–SDC. However, studies have confirmed that Cy/Pr and S/M can increase under situations such as acidic soil, low nutrient availability, high temperature, and low oxygen conditions [95,97,98,99,100,101,102]. This is contrary to our findings that higher pH, nutrients and SWC were found in shallow–SDC than in deep–SDC, and Ts did not differ significantly between these two communities. We interpret this as follows. SWC in this study (samples collected in rainy season) may cause a low oxygen condition, as mentioned in Section 4.1. Alternately, as the average value of pH in shallow–SDC was 7.45, its microbial community may be stressed more by alkaline soil than by acidic soil. In this study, soil was the major factor driving Cy/Pr and S/M in the two soil depth communities. This, as supported by the results in Table S4, was largely associated with pH, soil Ca and soil Mg, Ca and Mg being closely related to soil pH in karst areas. When multiple factors co–occur, predictors vary with dominant factors [101]. Thus, we prefer to believe that Cy/Pr and S/M were controlled by pH in the karst areas we studied. The soil microbial communities of the two soil depth communities were all subjected to environmental stress according to Cy/Pr > 0.1 [103], indicating poor soil conditions for soil microorganisms in karst areas [104]. Thus, further ecological restoration is still necessary for the karst areas we studied.





5. Conclusions


Soil nutrients are enriched in the limited soil volume of shallow–SDC, thus the microbial biomass and diversity of shallow–SDC in harsh habitats were not lower than those of deep–SDC. As soil microorganisms in shallow–SDC were more closely related to plant–soil factors than in deep–SDC, vegetation restoration and soil recovery can effectively improve soil microbial biomass, diversity and stress tolerance in degraded karst areas. Perhaps the alkaline soil in karst areas restricts the growth of microorganisms, so consequently, the soil microbial communities studied were all under environmental stress. Thus, more ecological restoration of plant communities on karst areas is recommended to provide better habitats for soil microorganisms.
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Figure 1. Study sites locations in Guizhou Province, China. Note: 1: Catalpa ovata; 2: Cryptomeria japonica var. sinensis; 4: Cupressus funebris; 7: Toona sinensis; 17: Liquidambar formosana; 20 Pinus massoniana; 1, 2, 4, 7, 17 and 20 are ecological forest. 5: Secondary forest; 13: Natural grassland; 19: Natural shrub tussock. 3, 6, 8, 16 and 21 are abandoned grassland; 9: Vitis vinifera; 10: Prunus salicina var.; 11: Hylocereus undatus; 12: Zanthoxylum bungeanum; 14: Prunus salicina var.; 15: Artificial grassland; 18: Eucalyptus robusta. 9, 10, 11, 12, 14, 15 and 18 are economic plantation. Sites 3, 4, 5, 6, 10, 11, 12, 13, 14 and 19 were on shallow soil depth, the others were on deep soil depth. 
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Figure 2. Soil microbial biomass and community structure indices for the two soil depth community categories. ** indicates significant difference at p < 0.01 level. Note—G+: Gram–positive bacterial PLFA; G−: Gram–negative bacterial PLFA; F: fungal PLFA; B: total bacterial PLFA, the sum of general bacterial PLFA, G+ and G−; Cy/Pr: ratio of cyclopropyl/precursors as calculated by (cy17:0 + cy19:0)/(16:1ω7 + 18:1ω7); S/M: ratio of saturated PLFA to monounsaturated PLFA. For the same parameter, histograms show the mean with SD bar, n = 30 in soil depth <100 cm community and n = 33 in soil depth ≥100 cm community ** indicates significant difference at p < 0.01 level. The same definitions apply below. 
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Figure 3. Pearson’s correlation analysis between environment factors and microbial PLFA indices in different soil depth communities. ** indicates significant difference at p < 0.01 level and * indicates significant difference at p < 0.05 level. 
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Figure 4. The variation partitioning analysis of microbial PLFA indices. The results of variation partitioning analysis were presented in a Venn diagram for 6 kinds of microbial PLFA content (general bacteria, G+, G−, fungi, eukaryote, actinomycete) (a), G+/G− and F/B (b), Cy/Pr and S/M (c), microbial S and H (d) for both soil depth communities, (e)–(h) for shallow soil depth community and (i)–(l) for deep soil depth community. Adjusted R2 values show the fraction of variation, as well as the shared contribution of each of the variables. 
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Table 1. Main phospholipid fatty acids used as biomarkers.
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	Biomarkers
	PLFAs in This Study





	General bacterial
	11:0; 12:0; 13:0; 14:0; 15:0; 16:0; 17:0; 18:0; 20:0;

16:0 DMA; 17:0 DMA; 18:0 DMA; 18:1 ω7c DMA; 16:1ω7c DMA; 16:1ω9c DMA; 16:2 DMA; 18:2 DMA; cy19:0 9, 10 DMA



	Gram–negative bacteria
	12:1ω8c; 13:1ω3c; 15:1ω7c; 15:1ω6c; 15:0 DMA; 16:0 N alcohol; 2OH 16:0; 16:1ω9c; 16:1ω7c; 16:1ω5c; 17:1ω8c; 17:1ω4c; 17:0 cyclo ω7c; 18:1ω7c; 18:1ω6c; 18:1ω5c; 19:0 cyclo ω7c; 19:1ω8c; 20:1ω8c; 20:1ω9c; 21:1ω3c; 21:1ω5c; 21:1ω8c; 21:1ω9c; 21:1ω6c; 22:1ω3c; 22:1ω8c; 24:1ω7c



	Gram–positive bacteria
	a11:0; a13:0; a14:0; a15:0; a16:0; a17:0; a19:0;

i13:0; i14:0; i15:0; i16:0; i17:0; i18:0; i19:0; i20:0; i22:0;

15:1 iso ω9c; 15:1 iso ω6c



	Actinomycetes
	10Me 16:0; 10Me 17:0; 10Me18:0; 10Me 17:1ω7c; 10Me18:1ω7c



	Fungi
	18:2ω6



	Eucaryote
	15:4ω3c; 18:3ω6c; 19:3ω6c; 19:3ω3c; 19:4ω6c; 20:3ω6c; 20:4ω6c; 20:5ω3c; 21:3ω6c; 22:2ω6c; 22:5ω6c; 22:6ω3c; 22:5ω3c; 23:1ω4c; 24:3ω3c







Note: cyclo, cyclopropyl; a, anteiso; i, iso; Me, Methyl–branched; 0, saturated; :1, 1 unsaturated fatty acid, and so on; OH, hydroxyl; DMA, dimethylacetamide.
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Table 2. Characteristics of plant–soil physical and chemical properties of the two soil depths.
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Soil Indices

	
Soil Depth

	
Significance

	
Plant Indices

	
Soil Depth

	
Significance




	
≥100 cm

	
<100 cm

	
≥100 cm

	
<100 cm






	
SOC (g/kg)

	
20.78 ± 1.56

	
38.49 ± 2.81

	
**

	
S

	
9.43 ± 0.67

	
7.69 ± 0.59

	




	
TN (g/kg)

	
2.34 ± 0.11

	
3.83 ± 0.22

	
**

	
H

	
1.97 ± 0.14

	
1.86 ± 0.16

	




	
TP (g/kg)

	
0.68 ± 0.06

	
1.10 ± 0.11

	
**

	
D

	
1.09 ± 0.08

	
1.12 ± 0.10

	




	
C:N

	
8.67 ± 0.26

	
9.77 ± 0.26

	

	
J

	
1.21 ± 0.10

	
1.23 ± 0.12

	




	
C:P

	
33.65 ± 2.41

	
42.70 ± 4.92

	
**

	
Woody biomass (kg/m2)

	
23.89 ± 6.78

	
3.31 ± 0.73

	
**




	
N:P

	
3.88 ± 0.22

	
4.16 ± 0.40

	
**

	
Herb biomass (kg/m2)

	
0.13 ± 0.02

	
0.14 ± 0.03

	




	
Ts (°C)

	
23.60 ± 0.49

	
24.81 ± 0.55

	

	
Litter (kg/m2)

	
0.32 ± 0.06

	
0.20 ± 0.04

	




	
pH

	
6.07 ± 0.18

	
7.45 ± 0.12

	
**

	
Leaf C (g/kg)

	
465.93 ± 5.77

	
440.01 ± 7.61

	




	
SWC (%)

	
30.68 ± 1.18

	
34.66 ± 1.94

	
*

	
Leaf N (g/kg)

	
15.97 ± 1.40

	
17.67 ± 1.43

	




	
BD (g/cm3)

	
1.27 ± 0.02

	
1.16 ± 0.03

	

	
Leaf P (g/kg)

	
1.76 ± 0.13

	
1.70 ± 0.14

	




	
NH4+ (mg/kg)

	
12.90 ± 0.77

	
22.02 ± 2.63

	
**

	
Leaf C:N

	
34.87 ± 2.19

	
32.43 ± 3.40

	
**




	
NO3− (mg/kg)

	
4.17 ± 1.13

	
5.95 ± 1.06

	

	
Leaf C:P

	
335.47 ± 33.60

	
337.32 ± 36.83

	




	
AP (mg/kg)

	
6.01 ± 1.09

	
12.61 ± 2.87

	
**

	
Leaf N:P

	
9.95 ± 0.70

	
11.59 ± 1.16

	




	
AK (mg/kg)

	
122.64 ± 10.90

	
203.92 ± 9.38

	

	
Litter C (g/kg)

	
422.58 ± 9.56

	
414.17 ± 6.70

	
*




	
TK (g/kg)

	
16.67 ± 1.16

	
16.25 ± 1.81

	

	
Litter N (g/kg)

	
10.68 ± 0.81

	
11.76 ± 0.89

	




	
Ca (g/kg)

	
5.44 ± 1.12

	
26.13 ± 4.42

	
**

	
Litter P (g/kg)

	
0.91 ± 0.08

	
1.17 ± 0.20

	




	
Mg (g/kg)

	
6.78 ± 0.68

	
10.90 ± 1.28

	

	
Litter C:N

	
44.67 ± 2.79

	
39.98 ± 2.47

	




	
Sand (%)

	
39.29 ± 1.44

	
53.25 ± 1.39

	

	
Litter C:P

	
582.08 ± 58.27

	
596.51 ± 86.68

	




	
Silt (%)

	
59.33 ± 1.38

	
45.33 ± 1.37

	

	
Litter N:P

	
12.54 ± 0.53

	
13.92 ± 1.30

	
**




	
Clay (%)

	
1.38 ± 0.17

	
1.45 ± 0.15

	

	
Litter K (g/kg)

	
3.55 ± 0.32

	
3.15 ± 0.26

	
*




	

	

	

	

	
Litter Ca (g/kg)

	
15.89 ± 1.13

	
21.97 ± 1.91

	
**




	

	

	

	

	
Litter Mg (g/kg)

	
2.78 ± 0.23

	
4.35 ± 0.77

	
**




	

	

	

	

	
Leaf K (g/kg)

	
10.66 ± 0.84

	
13.91 ± 1.40

	




	

	

	

	

	
Leaf Ca (g/kg)

	
12.02 ± 0.89

	
21.46 ± 1.98

	
**




	

	

	

	

	
Leaf Mg (g/kg)

	
3.12 ± 0.17

	
3.96 ± 0.35

	
**








Note: (1) soil depth ≥ 100 cm, n = 33; soil depth < 100 cm, n = 30; (2) C, N, P, K, Ca, Mg represent carbon, nitrogen, phosphorus, potassium, calcium and magnesium. T indicates total element, A indicates available element. Ts indicates soil temperature at 5 cm; SWC, soil water content; BD, bulk density; NH4+,ammonium nitrogen; NO3−, nitrate nitrogen; sand (2~0.02 mm), silt (0.02~0.002 mm), clay (<0.002 mm); (3) S, H, D, J are abundance indices, Shannon–Winner index, Simpson index, Pielou index, respectively; (4) * indicates significant difference at p = 0.05 level by independent sample t-test; ** indicates significant difference at p = 0.01 level; red indicates value is significantly higher in soil depth ≥100 cm community than in soil depth <100 cm community, and the opposite is blue.
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