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Abstract

:

Rocky desertification is a devastating process in Karst areas of Southwest China and induces serious fragmentation in ecosystems. Therefore, vegetation restoration and the scientific evaluation of soil quality are key restorative strategies in these areas. In this study, a natural closed forest and a disturbed forest with three restoration models, including an evergreen broad-leaved forest, mixed forest, and deciduous forest, were investigated in Huanjiang County. More than nineteen soil properties (including physical, chemical, and biotic properties) were analyzed across treatments, and principal component analyses (PCA) were combined with a minimum data set (MDS) applied to evaluate the soil quality. Our study sought to identify a vegetation restoration model to improve the soil quality in this area. We demonstrated that soil physical and chemical properties, microbial biomass, and enzyme activities significantly differed across all of the models. Soil water content, capillary porosity, total porosity, organic carbon, total phosphorus, available phosphorus, and urease activity were high in the mixed forest, leading to better physical soil properties. Also, relatively high soil total nitrogen, total potassium, available nitrogen, available potassium, microbial biomass C and N, catalase, sucrose, and alkaline phosphatase levels were observed in the deciduous broad-leaved forest, resulting in improved soil chemical properties. Based on the minimum data set (MDS) method, six indicators, including non-capillary porosity, organic carbon, total phosphorus, pH, microbial biomass nitrogen, and urease activity, were selected to evaluate the soil quality across the models. Our data showed that, among the five models, the deciduous broad-leaved forest had the highest soil quality index (0.618), followed by the mixed forest (0.593). Stepwise regression analysis showed that soil organic carbon explained 79.9% of the variations in the soil quality indices, suggesting it was a major factor affecting the soil quality. Thus, vegetation restoration models mainly comprised of native tree species effectively improved the soil quality in Karst rocky desertification areas, with deciduous broad-leaved forests displaying the best effects, followed by mixed forests.
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1. Introduction


Forest soils are central elements of forest ecosystems, providing essential living conditions for forest vegetation, comprising water, fertilizer, gas, and heat. Soils underpin forest vegetation and are a vital hub for the transformation of nutrient elements in ecosystems, thereby promoting forest health [1]. Soil qualities (physical, chemical, and biological) are exemplified by their ability to maintain biological productivity, protect environmental quality, and support animal and plant health in diverse ecosystems [2,3]. Investigating forest soil quality provides indispensable scientific information for the health management of forests and the sustainable use of forest soil resources. The Karst area in Southwest China has a subtropical monsoon climate, with a high precipitation and air temperature rich in rain and heat resources, but is unevenly distributed. The area is also characterized by high rock exposure rates, thin and discontinuous soil layers, and sticky and heavy soil textures of low fertility. Most of the plants are calciphilic and drought-tolerant, and the climax community is defined by non-zonal evergreen or deciduous broad-leaved forests. With increased human disturbance and unreasonable land-use, most soils have degraded, leading to devastating rocky desertification, compromised stability, and a failure of local ecosystems to restore the natural order [4,5].



Vegetation restoration not only conserves the amount of water and soil and reduces soil erosion, but also improves the soil quality via soil–plant interaction, which are key steps vital for rocky desertification management and ecological reconstruction [6]. Characterized by strong adaptability, resistance, and economical value, native tree species display positive roles in stabilizing local ecosystems and are invaluable contributors to constructing local forest communities. Therefore, the restoration of local ecosystems using native- or local-tree-species-dependent vegetation restoration models is expected to be highly beneficial [7,8].



In terms of assessing land productivity, soil quality evaluation is highly relevant in assessing rocky desertification management programs. Recently, considerable efforts have been made to understand the effects of different vegetation restoration strategies on the soil quality in Karst rocky desertification areas. However, most studies have focused on the effects of different vegetation restoration models on single or a few soil parameters, including soil organic carbon (SOC) [9,10,11], the soil nitrogen cycle [12,13,14], soil physical properties [15,16], soil nutrients [4,17], and soil microbial communities [18,19,20]. The systemic evaluation of vegetation restoration effects on the soil quality in Karst areas has been limited, mostly investigating crops, economic forest tree species [21,22], and fast-growing introduced species [23], which served as vegetation restoration models. However, investigations on the effects of vegetation restoration models with native tree species on the soil quality in Karst areas are lacking; therefore, we investigated if our models could effectively improve the soil quality in these areas to facilitate ecosystem restoration.



In view of these reasons, we used common native tree species to construct the following three restoration models: (1) evergreen broad-leaved (EF), (2) mixed forest (MF), (3) and deciduous broad-leaved forest (DBF). We also conducted comparative studies using natural closed forest (NF) and disturbed forest (DF) systems. We analyzed differences in the physical and chemical soil properties, microbial biomass carbon and nitrogen levels, and soil enzyme activities across the restoration models. We systematically evaluated the soil quality of the vegetation restoration using minimum data set (MDS) methods. Our study objectives were (1) to identify the restoration model(s) which improved the soil quality in Karst rocky desertification areas as compared to conventional vegetation restoration strategies, and (2) to identify the key factors affecting the soil quality in these areas.




2. Materials and Methods


2.1. Study Areas


The study was performed in the Mulian comprehensive experimental demonstration site at the Huanjiang Observation and Research Station for Karst Ecosystem, Chinese Academy of Sciences, Huanjiang Maonan Autonomous County, Guangxi Zhuang Autonomous Region (108°18′05″–108°19′39″ E, 24°43′33″–24°44′25″ N), North Guangxi, China (Figure 1). The area has a subtropical monsoon climate with an average annual temperature of 19.9 °C, a mean annual precipitation of 1389.1 mm, sunshine hours of 1600–1800 h, and a mean relative humidity of 82%. The area is a typical Karst peak-cluster-depression region with altitudes between 272.0 and 647.2 m, with dark or brown calcareous soil. Exposed bedrock areas in the depression account for 15% of the land area, with a soil depth of 20–160 cm, whereas the exposed bedrock areas in sloping fields account for >30% of the land area, with a thin soil layer of 10–50 cm. Due to problems with transportation and farming management, all residents of the study area moved out in 1985, and the cultivated land was abandoned. Under the influence of burning, felling, and grazing, barren grasslands and sparse shrubs have become the main vegetation types in the study area, but there are dense shrub or secondary forests with a patchy and banded distribution on the hillsides, on both sides of the low-lying streams, and in the foothills around the slopes [24].



At the end of 2006, five vegetation restoration models, the EF, MF, DBF, NF, and DF, were established in five study plots (Figure 1), all of which were 20 m wide [24]. Before the study commencement, all of the study areas were previously wasteland, and the vegetation types were barren grassland and sparse shrub. According to the preliminary investigation, Zenia insignis Chun. is the pioneer tree of afforestation in the Karst area of China, and Choerospondias axillaris (Roxb.) Burtt et Hill and Cyclobalanopsis glauca (Thunb.) Oerst. are the dominant tree species in the top community. Therefore, we chose these three tree species for the vegetation restoration experiment. For the MF model, we selected three tree species, C. axillaris, Z. insignis, and C. glauca. The ratio of C. axillaris to Z. insignis was 5, and the ratio of C. glauca to Z. insignis was 4. For the EF model, we planted only C. glauca; for the DBF model, we planted Z. insignis and C. axillaris, and the ratio of Z. insignis to C. axillaris was 3. After afforestation, the stand density was controlled at 1100~1550 plants per hectare. The MF, EF, and DBF test sites were closely linked, with the NF at 100 m apart and the DF at 40 m apart.




2.2. Soil Sampling and Analysis


In August 2019, based on field investigations, five representative blocks with an area of 10 m × 10 m in stands of each of the five vegetation restoration types (total = 25 blocks) were established to collect basic information and soil samples. Soil profiles were obtained at the four corners and the center of each block (five soil profiles), with soils sampled at depths of 0–20 and 20–40 cm. Soils from the same block and same layer were mixed for laboratory analysis, with a total of 50 samples collected from 25 blocks. Soil samples were divided into two. One sample was stored at 4 °C after sieving through 2 mm steel screens, and was used to determine the soil enzyme activities and microbial biomass. The other sample was air-dried and passed through 2 mm sieves to measure the soil chemical properties. In terms of the soil profiles, undisturbed soil at depths of 0–20 cm and 20–40 cm was collected using a cutting ring (diameter = 50.46 mm, height = 50 mm, volume = 100 cm3) to evaluate the soil physical properties. Basic plot information is shown in Table 1.



As described, the soil bulk density (BD), non-capillary porosity (NCP), capillary porosity (CP), and total porosity (TPO) were determined using the cutting ring method. Soil natural moisture content (MC) was measured using the drying method [25].



Soil pH was measured by a glass electrode method on a soil/water suspension (1:2.5 ratio) [26]. Soil organic carbon (SOC) was measured by the potassium dichromate oxidation heating method (0.4 mol/L potassium dichromate solution as an extraction agent) [26]. Total nitrogen (TN) was determined by the Kjeldahl method with an automatic Kjeldahl apparatus (SKD-1000, PEiOU, Shanghai, China) [26]. Soil total phosphorus (TP) and total potassium (TK) were measured by spectrophotometry after wet digestion with HF-HClO4 [26]. Available nitrogen (AN) was measured by the NaOH hydrolysis diffusion method (1.8 mol/L NaOH solution as hydrolytic agent) [27]. Available phosphorus (AP) was assayed by a spectrophotometer (UV2600 UV–VIS, Tianmei, Shanghai, China) using a colorimetric method (0.5 M NaHCO3 solution as an extraction agent) [27]. Available potassium (AK) was assayed by the flame photometry (FP640, Huayan, Shanghai, China) method with 1.0 mol/L CH3COONH4 solution as an extraction agent [27].



The soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were measured by chloroform fumigation. Soil, weighed in four portions (10.00 g × 4), was placed in a vacuum dryer containing chloroform and incubated at 25 °C for 24 h. Soil samples before and after fumigation were mixed with aqueous K2SO4 (0.5 mol/L, 40 mL), shaken at 300 rpm for 30 min, and filtered. The filtrate was measured on a multi-N/C 3100 (Analytik Jena AG, Jena, Germany) instrument [28,29].



Soil alkaline phosphatase (ALP) activity was determined using a Micro Soil Alkaline Phosphatase (S-ALP) Assay Kit (50T/48S, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) [30]. Soil catalase (CAT) activity was determined using a Micro Soil Catalase (S-CAT) Assay Kit (50T/24S, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) [30]. Soil urease (URE) activity was determined using a Micro Soil Urease (S-UE) Assay Kit (100T/48S, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) [30]. Soil sucrase (SAC) activity was determined using a Micro Soil Sucrase (S-SC) Assay Kit (50T/24S, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) [30].




2.3. Evaluation of Soil Quality Index (SQI)


In recent years, SQI evaluations have been widely used to quantitatively evaluate soil quality [21,23,31]. Principal component analyses (PCAs) have also been used to reduce the dimensions of the studied indicators, with principal components with eigenvalues ≥1 and total variations >5% being selected. Within each principal component, only factors whose absolute load value was <10% of the maximum factor loading was selected as an important indicator. When more than one important indicator existed in the principal component, Pearson correlation analysis was used to determine whether other indicators should be deleted. If relatively high correlations were observed between indicators (a correlation coefficient >0.6), only indicators with the highest absolute load value were retained in the principal component, and the minimum data set (MDS) was then established.



After determining the MDS, soil indicators were standardized using nonlinear scoring functions for normalization. In addition, the weight coefficient of each indicator in the MDS was determined using PCA (the proportion of the common factor variance of each indicator calculated by the PCA method to the sum of the common factor variance of all indicators). The formula for the nonlinear scoring function is [21,23] as follows:


    S   i   =   a  /    1 +         X   i    /    X   0 i         b        



(1)




where i refers to one indicator in the MDS, Si is the score of the soil indicator i, a indicates the highest score (a = 1), Xi is every measurement of the indicator i, X0i represents the average soil indicator i, and b is the slope of the equation.



Finally, the SQI was calculated using the following equation according to the score and weight coefficient of each indicator in the MDS [21,23]:


  S Q I =   ∑  i = 1   n      S   i     ×   W   i    



(2)




where Wi is the weight coefficient of the indicator i in the MDS as determined by PCA, Si is the score of soil indicators i, and n indicates the number of indicators in the MDS. SQI values were between 0 and 1; the higher the value, the better the soil quality.




2.4. Statistical Analyses


Routine statistics and graphs for soil indicators in different models were performed in Excel 2016. IBM SPSS Statistics 19.0 was used to perform the ANOVA and multiple comparisons (Duncan’s new multiple-range test, DMRT) of the soil indicators in different models. Soil indicators were screened and weighted using PCA and Pearson correlation analysis. A linear regression model was established with each soil indicator in the MDS as independent variables and the SQI as the dependent variable using stepwise regression analysis. All statistical analyses were performed at the 0.05 significance level (p < 0.05).





3. Results


3.1. Soil Physical and Chemical Properties in Models


Soil physical properties across the models are shown in Table 2. The F-value at p < 0.01 was different between the test members. The soil MC was reduced with an increasing soil depth in all of the models. The highest MC was observed in the MF model at 36.18%, 28.17%, and 32.18% levels at 0–20 cm, 20–40 cm, and 0–40 cm depths, respectively. These were significantly higher than the DBF, NF, and DF models. The soil BD was elevated with an increasing soil depth in all of the models. The DF model exhibited the highest BD at depths of 0–20 cm (1.15 g/cm3) and 0–40 cm (1.18 g/cm3), and the NF model had the highest BD at 1.24 g/cm3 at a depth of 20–40 cm. The lowest BD at all three depths was observed in the MF model at 0.81 g/cm3, 0.91 g/cm3, and 0.86 g/cm3 at 0–20 cm, 20–40 cm, and 0–40 cm, respectively.



The soil NCP levels in the EF and MF models were decreased with an increasing soil depth, while this level was increased in the DBF, NF, and DF models. The largest NCP was observed in the NF model at 8.90%, 7.89%, and 8.40% at 0–20 cm, 20–40 cm, and 0–40 cm depths, respectively. These were significantly higher than the other four models. The CP and TPO levels of all five models were reduced as the soil depths increased; the MF values were significantly higher than the other four models at all soil depths. Additionally, the DF model exhibited the lowest CP and TPO levels at all soil depths.



Soil chemical properties across the different models are shown in Table 3. The F-value at p < 0.01 was different between the test members. The SOC, TN, TK, TP, AN, AP, and AK were all reduced with an increasing soil depth in all of the models. At a depth of 0–20 cm, among the five vegetation models, the DBF model exhibited the highest SOC at 90.39 g/kg, but there were no significant differences in the SOC between the DBF and EF, and MF and NF modes. At depths of 20–40 cm and 0–40 cm, the highest SOC was observed in the MF model at 74.16 g/kg and 82.05 g/kg, respectively. The lowest SOC at 73.68 g/kg, 39.09 g/kg, and 56.39 g/kg at depths of 0–20 cm, 20–40 cm, and 0–40 cm, respectively, was observed in the DF model, which was substantially lower than the other models.



The DBF and DF models had the highest and lowest TN, TK, AN, and AK values in all soil layers. The TP and AP values in the MF model were the highest at all depths. The lowest TP value was observed in the NF model at 0–20 cm, and the DF model at 20–40 cm and 0–40 cm. In addition, the lowest AP value at all depths was observed in the DF model. The soil pH was elevated with an increasing soil depth in all models. The NF model had the highest pH at all three depths, the EF model had the lowest pH at a depth of 0–20 cm, and the MF model had the lowest pH at depths of 20–40 cm and 0–40 cm. No significant differences were observed in the pH values between the EF and MF models at all soil depths, and neither were the pH values among the DBF, NF, and DF vegetation models.



The pH of the EF model soil was the lowest in the 0–20 cm soil layer and, in the MF model soil, it was the lowest in the 20–40 cm and 0–40 cm soil layers.




3.2. Soil Microbial Biomass in Models


The soil MBC and MBN in the models are shown in Figure 2. The MBC and MBN were significantly different among the models at all soil layers (p < 0.01). The MBC and MBN were decreased with an increasing soil depth across the models, expect for the MBN in the MF model, which showed the opposite pattern. At the 0–20 cm and 20–40 cm levels, both the MBC and MBN shared the same order of DBF > MF > NF > EF > DF, whereas, at the layer of 0–40 cm, the order of the MBC and MBN was DBF > MF > NF > EF > DF and DBF > NF > MF > EF > DF, respectively.




3.3. Soil Enzyme Activities in Restoration Models


As shown in Figure 3, in all soil layers, the CAT, SAC, URE, and ALP activities exhibited significant differences between the models (p < 0.01). At 0–20 cm, the CAT activities in the MF and DBF model soils were significantly higher than the EF, NF and DF model soils, and at 20–40 cm and 0–40 cm, the activity in the DBF model was significantly higher than the EF, MF, NF, and DF models (Figure 3A). At 0–20 cm, 20–40 cm, and 0–40 cm, the soil SAC activity in the DBF model was significantly higher than the EF, MF, NF, and DF models (Figure 3B). At 0–20 cm, the soil URE activity in the MF model was significantly higher than the EF, DBF, NF, and DF models, and at 20–40 cm and 0–40 cm, the activities in the MF and DBF models were significantly higher than the EF, NF, and DF models (Figure 3C). At 0–20 cm, the soil ALP activity in the DBF model was significantly higher than the EF, MF, NF, and DF models, and at 20–40 cm and 0–40 cm, the activities in the MF and DBF models were significantly higher than the EF, NF, and DF models (Figure 3D).



Within the same model, differences in enzyme activities were significant at different soil layers. The SAC, URE, and ALP activities were reduced with an increasing soil depth in all models. This was the same for the CAT activity in only four models (EF, MF, NF, and DF), but the opposite in the DBF model.




3.4. SQI Evaluation


Factor analysis was performed on soil property indicators in the restoration models. The Kaiser–Meyer–Olkin (KMO) test was 0.712 with a p < 0.01, suggesting the PCA was appropriate. The PCA results showed that the cumulative contribution rate of the variance for the first four principal components was 95.18%, which fully explained the soil attribute information of the models (Table 4). The MBN and TK in the first principal component (PC-1) were high-weight indicators, but because the correlation between the MBN and TK was (0.880) > 0.600 (Table 5), and the weight of the MBN was >TK, only the MBN was selected to be included in the MDS. The TPO, pH, CP, MC, and SOC were indicators with a relatively high weight in the PC-2, with the pH showing the highest weight. The correlation of the TPO, CP, and MC to the pH was >0.600, but the SOC to pH was <0.600; therefore, the pH and SOC were selected for the MDS. URE, TP, and AP were the indicators with a relatively high weight in the PC-3, with the URE having the highest weight. The correlation of the AP to URE was >0.600, but the TP to URE was <0.600; therefore, the URE and TP were selected for the MDS. The NCP was the only high-weight indicator in the PC-4, so it was chosen. In total, six indicators were included in the MDS, including the NCP, SOC, TP, pH, MBN, and URE. The weight of each indicator was calculated using PCA (Figure 4), with the SQI determined as follows:


SQI = 0.10 NCP + 0.18 SOC + 0.17 TP + 0.17 pH + 0.21 MBN + 0.17 URE











Significant differences in the SQI were observed across the models (p < 0.01) (Figure 5A). At the 0–20 cm depth, the SQI order of the five models was DBF (0.661) > MF (0.645) > NF (0.560) > EF (0.544) > DF (0.353), indicating an increase of 86.9%, 82.5%, 58.5%, and 53.9% in the DBF, MF, NF, and EF models when compared with the DF model, respectively. The SQI was reduced as the soil depth increased in the models (Figure 4). At the 20–40 cm depth, DBF (0.555) > MF (0.517) > NF (0.345) > EF (0.330) > DF (0.218) was seen for the SQI, and the SQI of the DBF, MF, NF, and EF models was 154.1%, 136.5%, 58.1%, and 51.2% higher than the DF model, respectively. As a whole (0–40 cm), the overall SQI order in all of the models was DBF (0.618) > MF (0.593) > NF (0.472) > EF (0.443) > DF (0.284), and when compared with the minimum value in the DF model, the SQI was increased by 117.6%, 108.9%, 66.3%, and 55.9% in the DBF, MF, NF, and EF models, respectively.



Stepwise regression analyses showed that the SOC, URE, MBN, pH, TP, and NCP explained 79.9%, 16.4%, 1.7%, 1.2%, 0.5%, and 0.1% of the variation in the SQI (Figure 5B), suggesting the SOC was a key SQI determinant.





4. Discussion


4.1. Soil Properties in Different Models


Our results indicated significant differences in the soil physical and chemical properties in the different vegetation restoration models. We observed that these properties in the EF, MF, and DBF models, and one natural restoration model, the NF, were significantly better than the artificial disturbance model, the DF (Table 2 and Table 3), which was consistent with previous studies [21,22,23]. Thus, the artificial forest (EF, MF, and DBF) and natural restoration (NF) models could effectively improve the soil structure and nutrients in Karst rocky desertification areas. At the 0–40 cm soil layer, the MC level in the EF and MF models was significantly higher than in the DBF, NF, and DF models; the BD level in the EF, MF, and DBF models was significantly lower than in the NF and DF models; the NCP level in the NF model was significantly higher than in the EF, MF, DBF, and DF models; the CP level and TPO level in the MF model were significantly higher than in the EF, DBF, NF, and DF models (Table 2), which indicated that there were significant differences in the soil physical properties among the different models. This may have been related to the different root distribution, humus annual accumulation, and decomposition degree of different tree species in different models; however, the specific reasons require further study [21,32,33].The TP and AP levels in the MF model at a depth of 0–40 cm were the highest (Table 3), which may have been related to the organic acids secreted by the plants; when plants secrete organic acids, more oxalic acid is secreted, which effectively improves the phosphorus efficiency [34,35]. Maximum TN, TK, AN, and AK values were observed in the DBF model (Table 3), suggesting relatively high soil nutrients and fertility, possibly attributed to different biomass accumulation, distribution, litter input, and decomposition patterns [36]. More investigations are required to elucidate these underlying mechanisms.



The soil MBC and MBN are important “sources” or “sinks” of carbon and nitrogen required by vegetation [37]. They are recognized as important evaluators of soil quality or fertility, serving as early-warning and sensitive indicators of soil ecosystem changes [38]. In this study, the MBC and MBN were significantly different across the models (Figure 2A,B), suggesting the microbial biomass was substantially affected by the vegetation type, which was consistent with Peng et al. [23]. The soil MBC and MBN from three artificial models (EF, MF, and DBF) and the NF model were significantly higher than the values from the DF model, with the DBF model having the highest MBC and MBN (Figure 2A,B). Related studies showed that the soil microbial biomass was related to environmental factors such as the soil moisture, temperature, and physical and chemical soil properties [39,40].Our results showed that the MBC and MBN displayed no significant correlations with the soil moisture content and soil physical properties, but had significant positive correlations with soil nutrient indices (SOC, TN, TK, AN, and AK) (Table 5), suggesting that the soil moisture content and soil physical properties were not the main factors affecting the soil microbial biomass under the given regional climate and soil conditions, but the total amount of soil nutrients were, and their availability was significant. The TN, TK, AN, and AK in the DBF model were significantly better than the other four models (Table 3). Therefore, the highest soil MBC and MBN in the DBF model may have been due to better soil nutrients in this model [39,40].



Soil enzymes are important soil quality elements and play roles in several key chemical and material cycling processes in soil [41]. Previous studies reported that soil enzyme activity was influenced by the forest type, primarily via changes in soil physical properties caused by the mechanical actions of root systems [42]. Moreover, soil microorganism activities are directly or indirectly affected by root exudates, root litter, above-ground litter, and changes in soil microhabitats due to vegetation cover, thereby modulating the soil enzyme activity [43]. In our study, the activities of four enzymes were significantly correlated with the SOC and AN levels (Table 5). Because these levels in the DBF and MF models were substantially greater than in the EF, NF, and DF models, the activities of all four enzymes were relatively higher in the DBF and MF models (Figure 3).




4.2. The Effects of Vegetation Type on Soil Quality


Vegetation restoration improves the soil quality, but different types have various capabilities [21,23,44]. Our results showed that the soil quality (0–40 cm) of the DBF, MF, NF, and EF models was significantly higher than in the DF model, while the soil quality in the DBF and MF models was significantly higher than in the NF model (Figure 5A). These observations suggested that the soil quality of the artificial forest restoration (DBF and MF) models was higher than in the natural restoration model, and that quality in the natural restoration model was higher than in the disturbance model. Guan and Fan [22] and Pang et al. [23] also studied the soil quality of vegetation restoration in Karst areas. They indicated that the soil quality of the natural restoration model was higher than the artificial forest restoration model, in contrast to our results. This may have been due to the different tree species used in their restoration models. Guan and Fan [22] and Pang et al. [23] mainly used economic forest tree species and fast-growing introduced species to build their restoration model; these species absorbed more soil nutrients than the species in their natural restoration model because of their high yields and rapid growth; therefore, the soil quality in their natural restoration model was higher because of the limited nutrient loss. In contrast, in our study, local and native tree species were used to construct the restoration vegetation models, thereby providing robust adaptability and stress resistance in the Karst areas. Their biological characteristics increased the soil quality when compared with the natural restoration model [7]. With an increasing soil depth, the soil quality was reduced across all models (Figure 5A), consistent with previous studies [21,45]. The main reason was that litter accumulated in the surface layer and transformed into nutrients, from which the microbial activity improved the upper soil quality [21,46,47]. The soil quality of the DF model was significantly lower than that of the artificial forest restoration and NF model, mainly due to the special geological and climatic conditions in the Karst area, which has the characteristics of a small environmental capacity, a weak anti-interference ability, a low stability, and a weak self-regulation ability [48]. The destruction of vegetation by human disturbance affected the material and energy balance of the Karst soil–vegetation system, induced by the reverse evolution of the soil–vegetation system, led to the intensification of soil and water loss, and the easy loss of organic carbon in the surface soil [49]. At the same time, human disturbance caused changes in the Karst vegetation community structure and litter return quality, increased the net mineralization rate of the organic matter, and increased the risk of soil nutrient loss [50]. This series of reasons led to the serious degradation of the soil quality in the DF model.



This study showed that, among the six indices contained in the MDS, the SOC was the main index affecting the soil quality (Figure 5B). This was because the SOC is a major nutrient reservoir which not only improves the soil structure, and enhances the water permeability, water storage, and ventilation, but also increases the phosphorus and microelement availability in soils [47]. In addition, the SOC is a major source of nutrients and energy for soil microbes [22,51,52], with enzymes being the main mediators of soil biological processes, playing roles in SOC decomposition and transformation [53,54,55]. Therefore, changes in the SOC substantially affected the physical, chemical, and biological properties of the soils. Studies have shown that the conversion of land-use from agriculture to forest generally increases the soil acidity, and atmospheric deposition makes a large contribution to soil acidification [56]. However, the rate of soil acidification also depends on the specific litter quality and litter decomposition rate of the tree species [24]. In this study, soil acidification was offset by a large amount of litter input in the DBF model. Therefore, the pH value is also one of the main factors to characterize soil quality. The main direct source of phosphorus in soil is the decomposition of organic matter [56]. In this study, the MF and DBF treatments had a large amount of litter input, which significantly increased the total phosphorus content and affected the soil quality.



This study showed significant differences in the soil quality between the DBF and MF models (0–40 cm) (Figure 5A). Among the six indices contained in the MDS, no significant differences were observed in the SOC (Table 3) and URE (Figure 3C) between the DBF and MF models, but significant differences were observed for the MBN (Figure 2B), pH, TP (Table 3), and NCP, suggesting differences in the soil quality between the two models may have been due to differences in the MBN, pH, TP, and NCP. Similarly, significant differences were observed in the soil quality between the MF and EF models (0–40 cm) (Figure 5A), while no significant differences were seen in the SOC and TP between the models (Table 3), but significant differences were observed for the MBN (Figure 2B), pH (Table 3), URE (Figure 3C), and NCP, suggesting that differences in the soil quality between the two models may have arisen due to differences in the MBN, pH, URE, and NCP. Therefore, the MBN, TP, pH, URE, and NCP in the MDS were important factors affecting the soil quality (Figure 5B).





5. Conclusions


We demonstrated that vegetation types significantly influenced the soil physical and chemical properties, microbial biomass, and enzyme activities in the Karst areas of China. Of these, the MC, CP, TPO, TP, AP, and URE levels were the highest in the MF model, whereas the SOC, TN, TK, AN, AK, MBC, MBN, CAT, SAC, and ALP levels were the highest in the DBF model. Based on the MDS, six indicators, NCP, SOC, TP, pH, MBN, and URE, were selected to evaluate the soil quality across the models. Our data showed the best soil quality was in the DBF model, followed by the MF model, whereas the poorest quality was in the DF model. The SOC in the MDS explained 79.9% of the variation in the SQI, suggesting that it is a key factor affecting the soil quality.



In short, vegetation restoration models with native tree species improved the soil quality in Karst rocky desertification areas. Artificial forests (EF, MF, and DBF) performed better than natural regeneration (NF) and disturbance models (DF) in terms of restoring the soil quality. Thus, the selection of the suitable vegetation types for restoration is vitally important for the improvement in the soil quality. Moreover, this study is beneficial for implementing ecological restoration practices and management in degraded Karst areas. However, to assess the soil quality more comprehensively and precisely, the biological properties of soils should also be considered for the SQI in future studies.
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Figure 1. Location of the study area at the Huanjiang Observation and Research Station for Karst Ecosystems of the Chinese Academy of Sciences (CAS), Guangxi province, Southwest China. 






Figure 1. Location of the study area at the Huanjiang Observation and Research Station for Karst Ecosystems of the Chinese Academy of Sciences (CAS), Guangxi province, Southwest China.



[image: Forests 15 01061 g001]







[image: Forests 15 01061 g002] 





Figure 2. Soil microbial biomass C (A) and N (B) in restoration models at different soil depths. EF, evergreen broad-leaved forest; MF, mixed forest; DBF, deciduous broad-leaved forest; NF, natural closed forest; DF, disturbed forest. Significant differences (p < 0.01 using Duncan’s new multiple-range test) are indicated by different letters. 
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Figure 3. Soil enzyme activities in models at different soil depths: (A) catalase (CAT) activity, (B) sucrose (SAC) activity, (C) urease (URE) activity, and (D) alkaline phosphatase (ALP) activity. EF, evergreen broad-leaved forest; MF, mixed forest; DBF, deciduous broad-leaved forest; NF, natural closed forest; DF, disturbed forest. Significant differences (p < 0.01 using Duncan’s new multiple-range test) are indicated by different letters. 
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Figure 4. Soil parameter weights from the MDS. NCP, non-capillary porosity; SOC, soil organic carbon; TP, total phosphorus; MBN, soil microbial biomass N; URE, urease activity. 
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Figure 5. Soil quality index (SQI) in different models (A) and the contribution rate of selected indicators in determining the SQI using the minimum data set (MDS) method (B). EF, evergreen broad-leaved forest; MF, mixed forest; DBF, deciduous broad-leaved forest; NF, natural closed forest; DF, disturbed forest; SOC, soil organic carbon; URE, urease activity; MBN, soil microbial biomass N; TP, total phosphorus; NCP, non-capillary porosity; Significant differences (p < 0.01 using Duncan’s new multiple-range test) are indicated by different letters. 
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Table 1. Basic profiles of the experimental plots.
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	Site Characteristics
	Evergreen Broad-Leaved Forest (EF)
	Mixed Forest (MF)
	Deciduous Broad-Leaved Forest (DBF)
	Natural Closed Forest (NF)
	Disturbed Forest (DF)





	Test area (hm2)
	0.28
	0.29
	0.23
	0.14
	0.15



	Elevation (m)
	286–337
	288–337
	287–337
	291–339
	294–340



	Slope (°)
	24
	24
	24
	33
	35



	Aspect
	Southeast
	Southeast
	Southeast
	Southeast
	Southeast



	Soil type
	Calcareous
	Calcareous
	Calcareous
	Calcareous
	Calcareous



	Treatment
	Cut down a small part of the original vegetation for planting evergreen trees
	Cut down a small part of the original vegetation for planting evergreen and deciduous trees
	Cut down a small part of the original vegetation for planting deciduous trees
	Preserve the original vegetation
	All shrubs and herbs were regularly cut down every year without removing underground roots



	Recovery time (year)
	13
	13
	13
	13
	13



	Mean tree height (m)
	9.1
	9.2
	12.1
	3.5
	—



	Mean diameter at BREAST Height (cm)
	8.4
	8.9
	13.2
	3.2
	—



	Vegetation cover (%)
	60
	70
	60
	85
	—



	Mean density (Plant/hm2)
	913
	1150
	1450
	—
	—



	Thickness of humus layer/cm
	1–3
	3–4
	5–6
	4–5
	0–1



	Soil thickness/cm
	40–60
	40–60
	40–60
	50–70
	40–60



	Main species
	C. glauca,

Rhus chinensis Mill, Jasminum nervosum Lour.,

Ficus tikoua Bur.,

Microstegium fasciculatum (L.) Henrard,

Cyclosorus parasiticus (L.) Farw.
	C. axillaris,

Delavaya toxocarpa Franch, Z. insignis,

C. glauca,

Vitex neguwndo Linn.,

Mallotus barbatus,

J. nervosum,

C. Parasiticus,

M. fasciculatum
	Z. insignis,

C. axillaris,

J. nervosum,

Leucaena leucocephala (Lam.) de Wit,

M. fasciculatum,

Miscanthus floridulus (Lab.) Warb. ex Schum. et Laut.
	V. negundo,

Mallotus barbatus (Wall.) Muell. Arg.,

M. fasciculatum,

Oplismenus undulatifolius (Ard.) Roem. & Schult.
	V. negundo,

Dalbergia balansae Prain,

M. fasciculatum,

Imperata cylindrica (L.) Raeusch.







Note: — index not measured.













 





Table 2. Soil physical properties in the models (mean ± standard deviation (SD)).
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Index

	
Soil layer

	
EF

	
MF

	
DBF

	
NF

	
DF

	
F






	
MC (%)

	
0–20 cm

	
34.24 ± 2.11a

	
36.18 ± 3.43a

	
26.35 ± 1.27b

	
22.37 ± 2.86c

	
20.43 ± 1.59c

	
43.291 **




	
20–40 cm

	
25.86 ± 2.01ab

	
28.17 ± 1.35a

	
25.10 ± 2.18b

	
19.95 ± 0.20c

	
19.17 ± 3.53c

	
16.517 **




	
0–40 cm

	
30.05 ± 1.49a

	
32.18 ± 1.36a

	
25.72 ± 1.56b

	
21.15 ± 1.45c

	
19.80 ± 2.15c

	
54.959 **




	
BD (g/cm3)

	
0–20 cm

	
0.88 ± 0.19b

	
0.81 ± 0.06b

	
0.85 ± 0.18b

	
1.10 ± 0.04a

	
1.15 ± 0.03a

	
8.388 **




	
20–40 cm

	
1.01 ± 0.07bc

	
0.91 ± 0.25c

	
0.97 ± 0.04c

	
1.24 ± 0.16c

	
1.21 ± 0.17ab

	
4.472 **




	
0–40 cm

	
0.95 ± 0.13b

	
0.86 ± 0.15b

	
0.92 ± 0.10b

	
1.17 ± 0.10a

	
1.18 ± 0.07a

	
8.848 **




	
NCP (%)

	
0–20 cm

	
5.41 ± 0.35cd

	
5.25 ± 0.41d

	
5.81 ± 0.14c

	
8.90 ± 0.58a

	
8.09 ± 0.26b

	
98.364 **




	
20–40 cm

	
6.82 ± 0.10b

	
7.11 ± 0.35b

	
3.72 ± 0.14d

	
7.89 ± 0.34a

	
6.42 ± 0.19c

	
209.944 **




	
0–40 cm

	
6.09 ± 0.19c

	
6.18 ± 0.19c

	
4.77 ± 0.13d

	
8.40 ± 0.43a

	
7.26 ± 0.22b

	
143.891 **




	
CP (%)

	
0–20 cm

	
53.12 ± 1.36b

	
57.81 ± 0.68a

	
41.02 ± 0.97c

	
35.08 ± 0.61d

	
25.03 ± 0.75e

	
1057.997 **




	
20–40 cm

	
42.79 ± 0.72b

	
47.09 ± 1.04a

	
40.48 ± 0.57c

	
33.91 ± 2.14d

	
20.02 ± 0.44e

	
414.490 **




	
0–40 cm

	
48.47 ± 1.16b

	
52.45 ± 0.76a

	
40.75 ± 0.55c

	
34.49 ± 1.21d

	
22.53 ± 0.53e

	
882.855 **




	
TPO (%)

	
0–20 cm

	
58.53 ± 1.18b

	
63.06 ± 1.22a

	
46.84 ± 1.00c

	
43.98 ± 1.06d

	
33.12 ± 1.63e

	
465.011 **




	
20–40 cm

	
49.61 ± 1.05b

	
54.20 ± 1.18a

	
44.20 ± 0.34c

	
41.80 ± 1.35d

	
26.44 ± 0.90e

	
532.092 **




	
0–40 cm

	
54.36 ± 1.02b

	
58.63 ± 0.58a

	
45.52 ± 0.48c

	
42.89 ± 0.84d

	
29.78 ± 1.11e

	
885.410 **








Footnote: EF, evergreen broad-leaved forest; MF, mixed forest; DBF, deciduous broad-leaved forest; NF, natural closed forest; DF, disturbed forest; MC, soil moisture content; BD, soil bulk density; NCP, non-capillary porosity; CP, capillary porosity; TPO, total porosity. Different lowercase letters in the same line show significant differences at the p = 0.05 level; ** significant at the 0.01 probability level.













 





Table 3. Soil chemical properties in the models (mean ± standard deviation (SD)).
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Index

	
Soil Layer

	
EF

	
MF

	
DBF

	
NF

	
DF

	
F






	
SOC (g/kg)

	
0–20 cm

	
88.11 ± 2.84a

	
89.94 ± 2.78a

	
90.39 ± 0.12a

	
88.29 ± 2.46a

	
73.68 ± 2.33b

	
45.006 **




	
20–40 cm

	
69.06 ± 1.78bc

	
74.16 ± 2.57a

	
71.04 ± 1.13b

	
67.74 ± 0.83c

	
39.09 ± 2.37d

	
292.465 **




	
0–40 cm

	
76.69 ± 3.27b

	
82.05 ± 1.84a

	
80.72 ± 0.59a

	
78.02 ± 1.51b

	
56.39 ± 1.86c

	
136.373 **




	
TN (g/kg)

	
0–20 cm

	
5.10 ± 0.06a

	
5.11 ± 0.11a

	
5.26 ± 0.09a

	
4.56 ± 0.28b

	
4.34 ± 0.28b

	
22.600 **




	
20–40 cm

	
3.42 ± 0.07b

	
3.57 ± 0.20ab

	
3.81 ± 0.28a

	
3.39 ± 0.22b

	
1.14 ± 0.03c

	
171.715 **




	
0–40 cm

	
4.22 ± 0.09b

	
4.34 ± 0.11b

	
4.54 ± 0.12a

	
3.98 ± 0.17c

	
2.75 ± 0.13d

	
154.910 **




	
TK (g/kg)

	
0–20 cm

	
4.23 ± 0.08c

	
5.79 ± 0.16b

	
6.35 ± 0.11a

	
5.71 ± 0.14b

	
3.96 ± 0.17d

	
289.145 **




	
20–40 cm

	
2.62 ± 0.10c

	
3.67 ± 0.09b

	
4.23 ± 0.09a

	
3.85 ± 0.11b

	
2.33 ± 0.27d

	
154.723 **




	
0–40 cm

	
3.40 ± 0.08c

	
4.73 ± 0.13b

	
5.29 ± 0.10a

	
4.78 ± 0.06b

	
3.15 ± 0.14d

	
423.276 **




	
TP (g/kg)

	
0–20 cm

	
1.13 ± 0.15b

	
1.57 ± 0.26a

	
1.15 ± 0.02b

	
1.01 ± 0.20b

	
1.08 ± 0.14b

	
8.313 **




	
20–40 cm

	
0.71 ± 0.03c

	
0.90 ± 0.05a

	
0.84 ± 0.17ab

	
0.74 ± 0.04bc

	
0.67 ± 0.05c

	
6.659 **




	
0–40 cm

	
0.98 ± 0.12b

	
1.24 ± 0.14a

	
0.99 ± 0.09b

	
0.88 ± 0.10b

	
0.87 ± 0.07b

	
10.052 **




	
AN (mg/kg)

	
0–20 cm

	
256.33 ± 3.61d

	
274.13 ± 1.43b

	
354.53 ± 1.82a

	
263.20 ± 2.22c

	
252.90 ± 6.43d

	
692.814 **




	
20–40 cm

	
160.27 ± 1.59d

	
180.20 ± 1.4b

	
188.53 ± 3.65a

	
168.8 ± 3.45c

	
154.10 ± 2.41e

	
140.017 **




	
0–40 cm

	
208.30 ± 1.66d

	
227.17 ± 0.37b

	
271.53 ± 2.20a

	
216.00 ± 2.72c

	
203.50 ± 4.28e

	
558.075 **




	
AP (mg/kg)

	
0–20 cm

	
4.00 ± 0.31c

	
9.13 ± 0.26a

	
6.79 ± 0.17b

	
3.36 ± 0.12d

	
2.32 ± 0.25e

	
721.685 **




	
20–40 cm

	
2.17 ± 0.19b

	
4.51 ± 0.32a

	
4.31 ± 0.10a

	
1.84 ± 0.06c

	
1.59 ± 0.07d

	
317.125 **




	
0–40 cm

	
2.90 ± 0.47c

	
6.83 ± 0.16a

	
5.55 ± 0.11b

	
2.60 ± 0.07c

	
1.95 ± 0.14d

	
388.917 **




	
AK (mg/kg)

	
0–20 cm

	
153.74 ± 1.83d

	
160.75 ± 0.68c

	
243.33 ± 1.93a

	
167.48 ± 1.13b

	
135.04 ± 2.61e

	
2773.203 **




	
20–40 cm

	
108.27 ± 2.46c

	
112.79 ± 1.7b

	
139.49 ± 3.85a

	
109.05 ± 3.16c

	
89.08 ± 1.36d

	
228.543 **




	
0–40 cm

	
129.52 ± 2.37c

	
136.77 ± 1.03b

	
191.42 ± 2.55a

	
138.27 ± 2.03b

	
112.06 ± 1.94d

	
1046.522 **




	
pH

	
0–20 cm

	
6.59 ± 0.07b

	
6.66 ± 0.13b

	
7.57 ± 0.18a

	
7.72 ± 0.07a

	
7.60 ± 0.20a

	
2773.203 **




	
20–40 cm

	
7.08 ± 0.11b

	
6.94 ± 0.15b

	
7.63 ± 0.14a

	
7.74 ± 0.13a

	
7.73 ± 0.08a

	
48.939 **




	
0–40 cm

	
6.84 ± 0.06b

	
6.80 ± 0.09b

	
7.60 ± 0.15a

	
7.73 ± 0.09a

	
7.67 ± 0.14a

	
89.008 **








Footnote: EF, evergreen broad-leaved forest; MF, mixed forest; DBF, deciduous broad-leaved forest; NF, natural closed forest; DF, disturbed forest; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium. Different lowercase letters in the same line show significant differences at the p = 0.05 level; ** significant at the 0.01 probability level.













 





Table 4. Principal component analysis of the soil quality indicators.
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	Principal Component
	PC-1
	PC-2
	PC-3
	PC-4





	Eigenvalues
	12.071
	3.583
	1.44
	1.044



	Variance (%)
	63.25
	18.86
	7.58
	5.49



	Cumulative (%)
	63.25
	82.11
	89.69
	95.18



	MC
	0.062
	0.900
	0.289
	0.207



	BD
	−0.188
	−0.606
	−0.088
	−0.572



	NCP
	−0.143
	−0.302
	−0.203
	−0.896



	CP
	0.324
	0.911
	0.191
	0.133



	TPO
	0.326
	0.922
	0.184
	0.031



	SOC
	0.785
	0.877
	0.162
	0.044



	TN
	0.748
	0.588
	0.118
	0.222



	TK
	0.879
	−0.027
	0.444
	0.089



	TP
	0.000
	0.587
	0.731
	0.018



	AN
	0.668
	−0.116
	0.358
	0.631



	AP
	0.375
	0.432
	0.712
	0.343



	AK
	0.780
	−0.088
	0.189
	0.568



	pH
	0.227
	−0.944
	−0.103
	−0.098



	MBC
	0.780
	0.083
	0.569
	0.193



	MBN
	0.968
	0.144
	0.054
	0.155



	CAT
	0.541
	0.192
	0.505
	0.567



	SAC
	0.716
	0.602
	0.151
	0.303



	URE
	0.500
	0.223
	0.739
	0.325



	ALP
	0.527
	0.262
	0.642
	0.475







Note: PC-1, PC-2, PC-3, and PC-4 are the four principal components. Bold numbers are considered highly weighted. MC, soil moisture content; BD, soil bulk density; NCP, non-capillary porosity; CP, capillary porosity; TPO, total porosity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, soil microbial biomass C; MBN, soil microbial biomass N; CAT, catalase activity; SAC, sucrose activity; URE, urease activity; ALP, alkaline phosphatase activity.













 





Table 5. Correlation analysis of the soil physical, chemical, and biotic properties.
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	Index
	MC
	BD
	NCP
	CP
	TPO
	SOC
	TN
	TK
	TP
	AN
	AP
	AK
	pH
	MBC
	MBN
	CAT
	SAC
	URE





	BD
	−0.65 **
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	NCP
	−0.53 **
	0.65 **
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	CP
	0.92 **
	−0.68 **
	−0.49
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TPO
	0.91 **
	−0.64 **
	−0.40
	0.99 **
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	



	SOC
	0.62 **
	−0.54 **
	−0.36
	0.81 **
	0.82 **
	1.00
	
	
	
	
	
	
	
	
	
	
	
	



	TN
	0.67 **
	−0.59 **
	−0.53 **
	0.83 **
	0.81 *
	0.95 **
	1.00
	
	
	
	
	
	
	
	
	
	
	



	TK
	0.16
	−0.30
	−0.27
	0.35
	0.34
	0.75 **
	0.70 **
	1.00
	
	
	
	
	
	
	
	
	
	



	TP
	0.76 **
	−0.36
	−0.37
	0.68 **
	0.67 **
	0.44
	0.47
	0.29
	1.00
	
	
	
	
	
	
	
	
	



	AN
	0.19
	−0.41
	−0.70 **
	0.26
	0.20
	0.54 **
	0.62 **
	0.80 **
	0.22
	1.00
	
	
	
	
	
	
	
	



	AP
	0.67 **
	−0.65 **
	−0.62 **
	0.70 **
	0.66 **
	0.68 **
	0.68 **
	0.68 **
	0.72 **
	0.66 **
	1.00
	
	
	
	
	
	
	



	AK
	0.16
	−0.38
	−0.65 **
	0.29
	0.23
	0.61 **
	0.70 **
	0.81 **
	0.14
	0.97 **
	0.57 **
	1.00
	
	
	
	
	
	



	pH
	−0.87 **
	0.59 **
	0.36
	−0.82 **
	−0.82 **
	−0.39
	−0.40
	0.16
	−0.61 **
	0.16
	−0.44
	0.19
	1.00
	
	
	
	
	



	MBC
	0.31
	−0.42
	−0.41
	0.46
	0.44
	0.76 **
	0.73 **
	0.97 **
	0.41
	0.83 **
	0.82 **
	0.80 **
	0.01
	1.00
	
	
	
	



	MBN
	0.24
	−0.33
	−0.34
	0.48
	0.46
	0.85 **
	0.85 **
	0.88 **
	0.16
	0.76 **
	0.50 *
	0.85 **
	0.06
	0.82 **
	1.00
	
	
	



	CAT
	0.48
	−0.53 **
	−0.75 **
	0.52 **
	0.46
	0.65 **
	0.70 **
	0.74 **
	0.52 **
	0.89 **
	0.80 **
	0.82 **
	−0.18
	0.81 **
	0.68 **
	1.00
	
	



	SAC
	0.70 **
	−0.67 **
	−0.59 **
	0.85 **
	0.83 **
	0.94 **
	0.97 **
	0.71 **
	0.47
	0.66 **
	0.73 **
	0.71 **
	−0.45
	0.75 **
	0.84 **
	0.76 **
	1.00
	



	URE
	0.50 *
	−0.52 **
	−0.57 **
	0.55 **
	0.52 **
	0.66 **
	0.65 **
	0.80 **
	0.52 **
	0.77 **
	0.95 **
	0.67 **
	−0.21
	0.91 **
	0.59 **
	0.84 **
	0.70 **
	1.00



	ALP
	0.58 **
	−0.59 **
	−0.72 **
	0.61 **
	0.56 **
	0.71 **
	0.74 **
	0.77 **
	0.62 **
	0.85 **
	0.93 **
	0.78 **
	−0.25
	0.87 **
	0.65 **
	0.92 **
	0.78 **
	0.95 **







Footnote: MC, soil moisture content; BD, soil bulk density; NCP, non-capillary porosity; CP, capillary porosity; TPO, total porosity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, soil microbial biomass C; MBN, soil microbial biomass N; CAT, catalase activity; SAC, sucrose activity; URE, urease activity; ALP, alkaline phosphatase activity. * and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.
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