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Abstract

:

Permanent gullies are a serious type of soil erosion. A special type of permanent gully, called “Benggang” severly affects agricultural production in hilly areas. To reveal the influence of Benggang erosion on granitic soil restoration and fertility, we selected three stages (active, semi-stable and stable) of Benggang recovery in the subtropical granite hilly region, and corresponding soil samples were collected to analyze the spatial variation in the soil physical and chemical qualities in the early stage of recovery. The soil physical properties and nutrients were significantly different in the runoff direction of each Benggang gully. There were significant differences in soil chemical properties and no obvious differences in physical properties among the different Benggang recovery stages. The results of principal component analysis showed that the level of soil fertility in the different Benggang recovery stages, ranked from high to low, was as follows: stable, semi-stable and active. Benggang vegetation restoration was an important factor for soil fertility restoration. Benggang ecological restoration can significantly improve the physicochemical properties and fertility of the soil. However, the soil fertility in gully erosion areas in this study still needs to be improved.
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1. Introduction


Soil degradation is a major threat to agricultural sustainability and has seriously threatened food security, biodiversity, water resource safety, and the human living environment in China [1,2]. Consequently, improving the productive capacity of degraded soil is particularly important for sustainable agriculture. Soil erosion is one of the most common and important causes of soil degradation [3,4], and it affects all continents and has been accelerated by human use and abuse of land [5,6,7,8]. The red soil region, which has abundant water resources and high temperatures, has a high productivity potential and could be a key to resolving the growing gap between food supply and population growth [9]. Soil erosion is increasing, and soil productivity is declining with the continuous influence of human activities on soil. Gully erosion can be divided into permanent or classic, bank, and ephemeral gullies [10]. Permanent gullies are defined as deep channels that cannot be ameliorated by normal tillage operations. They are landform created through incision into alluvial or colluvial deposits caused by overland or subsurface flows; these features are generally formed by a combination of the effects of intense runoff and gravity [11,12]. Many studies have shown that gully has a strong influence on soil properties and productivity [13,14,15,16]. It has been reported that erosion and gully erosion affected 1220 km2 in the granitic red clay soil region from 1950 to 2005, which led to the loss of more than 60 Mt of soil. Zheng [17] proposed that increased erosion can accelerate soil nutrient loss. Xu et al. [18] showed that gully erosion poses a threat to soil physicochemical properties, and thus, the soil quality index was progressively reduced as gully erosion increased. The above studies mainly focused on the effects of soil erosion on soil properties and soil fertility. Consequently, improving soil fertility in eroded areas is particularly important for sustainable agricultural development, especially in permanent gully areas. It has been recognized that the fertility of soils in gully areas can be restored after a disturbance under a given set of favorable ecological and land use conditions. The recovery of soil fertility is affected by several factors [19], including soil properties and endogenous factors. However, changes in soil nutrients and soil restoration, especially the systematic improvement of soil fertility in permanent gullies, have not received sufficient study in the red soil region of South China.



The erosion of granitic red soil is a unique erosive phenomenon in South China. The granite fissure weathering layer has an expansive soil structure, which is prone to soil erosion, especially in Benggang erosion, which accelerates land degradation and environmental deterioration [20,21]. A Benggang gully, in which a steep collapsing wall forms in the original mountain slope surface under the influence of water and gravity, is a particular type of permanent gully that is widespread in South China [22,23,24]. A Benggang gully consists of five parts: the upper catchment, collapsing wall, colluvial deposit, scour channel and alluvial fan (Figure 1) [25,26,27]. Such landforms are mainly distributed in Hubei, Hunan, Jiangxi, Fujian, Guangdong, Guangxi, and Anhui provinces [20,28]. These gullies are characterized by fast development and strong burst, which makes it more threatening than common soil erosion. Moreover, Benggang erosion is a complex process controlled by many closely related factors, such as lithology, soil, and climate [29]. In 2005, more than 239,100 collapsing gullies, with an erosion area of 1220 km2 and a total prevention area of 2436 km2 (The statistical management area of each Benggang is greater than), were reported by the Monitoring Center of Soil and Water Conservation of China [30]. Benggang erosion is divided into three stages (active, semi-stable and stable) according to the degree of vegetation restoration. During the active stage of Benggang erosion, there is no vegetation cover and serious soil erosion and gravity erosion is taking place. In the semi-stable stage of Benggang erosion, there is more vegetation and less soil erosion, and in the stable stage of Benggang, the soil vegetation cover is the highest. Benggang erosion exerts an important effect on soil fertility restoration in China. In recent years, several studies have investigated the erosion patterns, causes and control measures of Benggang erosion [20,31]. However, few studies have addressed soil fertility change caused in the process of soil restoration in Benggang area of South China. Soil fertility is a comprehensive reflection of all aspects of soil properties and is commonly used to evaluate soil quality. Frequently used evaluation methods include factor analysis [32], cluster analysis [33], discriminant analysis [34], the Nemero index [35], and principal component analysis (PCA) [36,37]. PCA is widely used in soil fertility evaluations. Xie et al. [38] applied PCA to evaluate the soil fertility of specific soils and different soil types. Thus, PCA can be used to comprehensively evaluate the soil fertility of Benggang gullies in different recovery stages.



We selected three stages (active, semi-stable and stable) of Benggang restoration occurring in southeastern Guangxi as the focus of this study. The objectives were to study the evolution process of soil physicochemical properties at different stages of Benggang restoration and to evaluate and compare soil fertility in different stages of Benggang restoration. The purpose of this study was to clarify the effect of ecological restoration at different Benggang restoration levels on soil fertility in order to provide a theoretical and practical basis for the restoration of permanent gullies.




2. Materials and Methods


2.1. Study Sites


The investigation site is located in the northern Longxu district (110°51′ to 111°40′ E and 23°26′ to 24°10′ N), Wuzhou city, Guangxi Zhuang Autonomous Region, China (Figure 2). The area is characterized by a warm subtropical humid climate, with mean annual temperature of 21.12 °C and mean annual precipitation of 1520 mm. The soils are typical red soils that originate from granitic parent materials and are easily erodible. There are a variety of vegetation species, including shrubs, gramineous plants and ferns, such as Pinus massoniana, Rhodomyrtus tomentosa and Dicranopteris dichotoma.




2.2. Field Survey and Soil Sampling


According to a field investigation of permanent gullies in southeastern Guangxi, areas in the active, semi-stable and stable stages of Benggang restoration were selected depending on the degree of vegetation cover. The active Benggang areas (AG), which have bare soils and sparse vegetation, were mainly dominated by ferns such as Dicranopteris dichotoma. In the semi-stable Benggang areas (MG), vegetation was dominated by Pinus massoniana and a small amount of undergrowth vegetation, such as Dicranopteris dichotoma and Miscanthus floridulus, and in the stable Benggang areas (SG), the vegetation coverage increased significantly. Combining the morphological distribution and spatial sampling points of the Benggang areas, soil samples were collected along the upper catchment, collapsing wall, colluvial deposit, scour channel and alluvial fan in the sample plots representing different stages of Benggang restoration. Each collapsing wall was divided into top, middle and lower sections for sampling, each colluvial deposit was divided into top and lower sections for sampling and each alluvial fan was divided into top, middle and edge sections for sampling. At each site the litter was removed, and sampling points were selected along an S shaped line. The soils from multiple soil profiles at the same sampling point and the same depth layer were mixed into one soil sample, with a total of 30 soil samples. Approximately 1–2 kg of soil samples was transferred to the laboratory and was air dried for determination of soil particle composition, pH, organic matter, cation exchange capacity, and nutrients. In addition, the soil bulk density, soil total porosity, capillary porosity and aeration porosity were measured in samples collected with a volume of 100 cm3 (5.02 cm diameter and 5.05 cm height).




2.3. Determination Methods


Soil particle sizes were described in terms of the percentages of sand (0.05~2 mm), silt (0.002~0.05 mm) and clay (<0.002 mm) according to the United States Department of Agriculture classification of soil particle size and determined by the pipette and sieve method. The ring cutting method was used for soil bulk density, total porosity, capillary porosity, aeration porosity, and saturated water content determination. A pH meter was used to measure the pH of a 1:2.5 soil: water suspension. Soil organic matter (OM) was obtained by the K2Cr2O7-H2SO4 oxidation method. The semi-micro Kjeldahl method was used for determining the content of total nitrogen (TN). Total phosphorous (TP) was determined colorimetrically after wet digestion with H2SO4-HClO4 [39]. Flame photometry was used to measure the content of total potassium (TK). The alkaline permanganate oxidation method was determined available nitrogen (AN) [40]. The Olsen’s method was used for colorimetric determination of the content of available phosphorus (AP) in 0.5 mol NaHCO3 (pH 8.5) [41]. The content of available potassium (AK) was assayed using flame atomic absorption spectrophotometry [42]. Cation exchange capacity (CEC) was determined by ammonium acetate extraction buffered at pH 7 [43].




2.4. Data Processing


Microsoft Excel 2016 was used for data calculation. IBM SPSS Statistics 19.0 and Origin 2021 was used for correlation analysis and principal component analysis. One-way analysis of variance (ANOVA) was used to test the differences in soil properties in different stages of Benggang restoration, and the significance level was set to α = 0.05. In this study, the 20 parameters were measured including 11 physical parameters and nine chemical parameters. The values of the different physical and chemical parameters varied to different degrees. Therefore, the original data must be standardized to eliminate the influence of different dimensions and orders of magnitude to ensure the reliability of the PCA results. The normalized parameters of the original variables were recorded as ZSHC, ZBD, ZSTP, ZCP, ZNCP, ZSWC, ZGravel, ZSand, ZClay, ZSilt, ZFWC, ZpH, ZOM, ZCEC, ZTN, ZTP, ZTK, ZAN, ZAP, and ZAK.





3. Results


3.1. Descriptive Statistical Analysis of Soil Properties


Table 1 shows the overall statistical data for the 11 soil physical properties and eight soil chemical properties. The average contents of gravel, sand, silt and clay were 23.78%, 47.94%, 31.36%, and 20.70%, respectively. Soil texture analysis showed that soils in this region were predominantly composed of sand, with lower clay and silt contents. The percentages of saturated hydraulic conductivity (0.69%) and aeration porosity (11.15%) were much lower than the soil field water capacity, saturated water content, total porosity, and capillary porosity (29.63%, 37.31%, 49.85%, and 38.70%, respectively), which led to decreased soil water, smaller soil pores, soil erosion and land degradation. The soils in this region were moderately acidic, and the coefficients of variation in the soil index were between 0 and 1. The study showed that the coefficient of variation was classified into three categories: weak variation (CV < 10%), moderate variation (10% < CV < 100%) and strong variation (CV > 100%). The coefficients of variation of saturated water content, bulk density, total porosity, capillary porosity, and pH were all weakly variable, and the other indexes were moderately variable. Soil organic matter had the greatest coefficient of variation (75.55%). The coefficients of variation of saturated hydraulic conductivity, cation exchange capacity and available potassium were greater than 50%, and their coefficients of variation varied and fluctuated greatly in space. The coefficients of variation for sand, silt and field water capacity were less than 20% and relatively stable.




3.2. Analysis of the Physical and Chemical Soil Characteristics during Different Stages of Benggang Restoration


Soil bulk density is the most basic soil physical property. It is related to soil porosity and affects soil water retention and permeability. As shown in Figure 3, the bulk densities (BD) of different stages of Benggang restoration were 1.34, 1.32, and 1.30 g cm−3, respectively. It can be seen that there was no significant difference in soil bulk density at different recovery stages of Benggang.



Soil porosity affects soil aeration, water permeability and tree root growth and is an important index of soil fertility. Soil porosity and bulk density showed an opposite trend of change, that is, the bulk density decreased and the porosity increased. The soil total porosity and capillary porosity increased with enhancing Benggang restoration, whereas the aeration porosity content decreased. Overall, the spatial distribution of soil pores (total porosity, capillary porosity and aeration porosity) was not significantly different among the different stages of Benggang restoration (Figure 4).



The variation in soil particle composition in the runoff direction in the different Benggang recovery stages is shown in Figure 5. The gravel content decreased by 12.24% and 16.58% when the Benggang restoration was from active stage to semi-stable stage to stable stage. Soil texture analysis indicated that the study area had the greater sand contents (38.00~61.03%) and lower clay contents (12.69~31.06%). The sand content decreased with increasing Benggang restoration, whereas the clay content showed the opposite trend. The sand contents in the active, semi-stable, and stable stages of Benggang restoration were 51.79%, 46.74%, and 45.31%, respectively. While, the clay contents were only 19.49%, 19.69% and 22.90%, respectively. In addition, there was no apparent variation in the silt content among different Benggang restoration stages.



The saturated hydraulic conductivity content gradually decreased with Benggang restoration, whereas the field water capacity content showed the opposite trend. The saturated hydraulic conductivity, field water capacity and saturated water content had the same trend in the of runoff direction in the different stages of Benggang restoration (Figure 6).



All soils were acidic, and the pH values did not vary in an obvious pattern and there was no significant difference in different stages of Benggang restoration (Figure 7). Soil organic matter is widely recognized as a major indicator of soil quality, especially in agricultural soils [44,45]. A reduction in soil organic matter leads to increased bulk density and decreased soil total porosity, thereby decreasing soil infiltration [46,47]. The variation ranges of the soil organic matter content in the active, semi-stable and stable stages of Benggang restoration soils were 0.61~9.01, 2.32~12.37 and 5.29~14.88 g kg−1, respectively. The cation exchange capacity of soil in the semi-stable stage (33.40%) and the stable stage (62.23%) of Benggang restoration was higher than that in the active stage of Benggang restoration (Figure 8). Compared to those in the active stage of Benggang restoration, the total nitrogen (TN), total phosphorous (TP) and total potassium (TK) in the semi-stable stage of Benggang restoration increased by 25.00%, 6.25% and 8.37%, and those in the stable stage of Benggang restoration increased by 60.71%, 31.25% and 30.09% (Figure 9). Similarly, the available nitrogen (AN), available phosphorus (AP) and available potassium (AK) increased by 10.84%, 6.88% and 17.65% in the semi-stable stage of Benggang restoration and 45.01%, 30.57% and 85.19% in the stable stage of Benggang restoration compared to the active stage of Benggang restoration (Figure 10).



The difference analysis results showed that the TN contents in the different stages of Benggang restoration were apparently different. Total phosphorous (TP) and TK content in the stable stages of Benggang restoration were significantly different. Meanwhile, the TN, TP and TK among different locations in the different stages of Benggang restoration had significant differences and presented the following order: upper catchment > alluvial fan > scour channel > colluvial deposit > collapsing wall, indicating that the soil fertility was the highest in the upper catchment and poor on the colluvial deposit. The AN, AP and AK during different stages of Benggang restoration were obviously different and showed stable stage > semi-stable stage > active stage. The changes of the AN, AP and AK were similar to that of the TN, TP and TK at different stages of Benggang restoration. This reason is that the surface of the upper catchment had more organic matter, complete soil structure and less soil erosion, while the colluvial deposit had loose soil, more easily lost soil and nutrients.




3.3. Correlation Analysis of Physical and Chemical Soil Properties


Pearson’s correlation analysis results showed that capillary porosity (CP), aeration porosity (NCP), soil particle composition, pH, cation exchange capacity (CEC), and total nitrogen (TN) were significantly or very significantly correlated (positively or negatively) with saturated hydraulic conductivity (SHC) (Figure 11). The soil bulk density (BD) had extremely significantly negative correlations with soil total porosity (STP), saturated water content (SHC), field water capacity (FWC), total potassium (TK), and available nitrogen (AN) (p < 0.01) and significantly negative correlations with CP, soil organic matter (OM), available phosphorus (AP), and AK (p < 0.05). The soil porosity was significantly or highly significantly correlated with the soil particle content, OM, CEC, and soil nutrient content. There were extremely significantly positive correlations between the clay content and field water capacity, pH, CEC, TN, TP, TK, AN, AP, and AK (p < 0.01). The sand content had extremely significantly negative correlations with it (p < 0.01). The results showed that the soil porosity and field water capacity affected the soil mechanical properties. In addition, the physical characteristics were closely related to the soil OM, CEC, and soil nutrient content. The soil field water capacity, pH, OM, and CEC were significantly positively correlated with the soil nutrient content (p < 0.01).




3.4. Principal Component Analysis of Soil Fertility Characteristics


PCA was used to extract major principal components (PCs) according to the cumulative contribution rate reaching or exceeding 85% [48,49]. Therefore, three PCs with eigenvalues N > 1 were selected for interpretation, as PCs receiving high values best describe the variability in the factors [50]. Among well-correlated variables within PC, the variable with the highest correlation coefficient (absolute value) was chosen to remain in the component factors.



Table 2 shows that the eigenvalues of the first three principal components were 11.252, 3.689 and 2.281. The variance contribution rates of the first three principal components were 56.26%, 18.45% and 11.40%, with a cumulative contribution rate of 86.11% (86.11% > 85%); thus, the first three principal components, labeled PC1, PC2 and PC3, basically accounted for 86.11% of the total information provided by all 20 evaluation indicators and can be used as comprehensive variables to evaluate soil fertility.



The correlation coefficients between the original variables and the three principal components can be expressed by the factor load, and it is generally believed that the variables with larger factor loads are the main factors influencing the principal components. As shown in Table 3, the main influencing factors were field water capacity, capillary porosity (CP), sand, clay, pH, organic matter (OM), cation exchange capacity (CEC), total nitrogen (TN), total phosphorous (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), and available potassium (AK) for the first principal component (PC1), of which pH and organic matter reflect the soil environmental condition and soil fertility. For the second component (PC2), saturated hydraulic conductivity, bulk density (BD), soil total porosity, aeration porosity, saturated water content, and gravel were the main influencing factors. Saturated hydraulic conductivity and saturated water content reflect the soil water status, soil total porosity and aeration porosity represent soil structure factors, and gravel and bulk density represent soil textural factors. PC3 included only silt.



Using the factor load values of the 20 indicators in the PCA and the three eigenvalues, the characteristic vectors can be obtained (Table 3). The sizes of the eigenvectors represent the correlations between the original indicators and the principal components. Therefore, according to the formulas for calculating the principal components, the functional expressions of the first three principal components can be obtained:


      Y 1    = − 0.135 × Z S H C − 0.146 × Z B D + 0.161 × Z S T P + 0.23 × Z C P − 0.118 × Z N C P      + 0.159 × Z S W C − 0.197 × Z G r a v e l − 0.22 × Z S a n d + 0.226 × Z C l a y + 0.022 × Z S i l t      + 0.236 × Z F W C + 0.225 × Z p H + 0.269 × Z O M + 0.286 × Z C E C + 0.278 × Z T N      + 0.275 × Z T P + 0.269 × Z T K + 0.277 × Z A N + 0.247 × Z A P + 0.273 × Z A K     



(1)






      Y 2    = 0.407 × Z S H C − 0.406 × Z B D + 0.38 × Z S T P − 0.101 × Z C P + 0.407 × Z N C P      + 0.366 × Z S W C + 0.263 × Z G r a v e l + 0.22 × Z S a n d − 0.191 × Z C l a y − 0.068 × Z S i l t      + 0.119 × Z F W C − 0.061 × Z p H + 0.07 × Z O M − 0.052 × Z C E C − 0.033 × Z T N      − 0.008 × Z T P + 0.089 × Z T K + 0.081 × Z A N + 0.108 × Z A P + 0.054 × Z A K     



(2)






      Y 3    = 0.136 × Z S H C + 0.244 × Z B D − 0.244 × Z S T P − 0.358 × Z C P + 0.189 × Z N C P         − 0.266  × Z S W C + 0.043 × Z G r a v e l + 0.228 × Z S a n d − 0.037 × Z C l a y − 0.407 × Z S i l t         − 0.344  × Z F W C + 0.026 × Z p H + 0.153 × Z O M + 0.118 × Z C E C + 0.17 × Z T N       + 0.211  × Z T P + 0.196 × Z T K + 0.138 × Z A N + 0.285 × Z A P + 0.195 × Z A K     



(3)







The expression of the comprehensive principal component score was also achieved.


   Y = 0.563  ×  Y 1  + 0.184 ×  Y 2  + 0.114 ×  Y 3   



(4)







The principal component scores were calculated according to the principal component comprehensive score model. In addition, the various components of the three types of Benggang restoration in different recovery stages were ranked, and the cumulative effect of soil fertility in different Benggang restoration stages was evaluated comprehensively (Table 4). The results showed that the comprehensive score of the active stage of Benggang restoration was the lowest (−0.95), and the score of semi-stable stage (−0.33) and stable stage (1.28) of Benggang restoration gradually increased, indicating that soil restoration could better balance soil fertility, increase soil nutrient storage capacity, and improve soil structure. The soil fertility levels showed a larger difference among different stages of Benggang restoration, and the comprehensive score featured the order of active stage < semi-stable stage < semi-stable stage, which indicated that soil restoration was conducive to the increase in soil biomass, improving the soil aggregate structure and forming soil macropores. Meanwhile, the results also showed that the comprehensive score of each part in each stage of Benggang restoration increased with the development of Benggang restoration, especially in the upper catchment, and the values of the scour channel and alluvial fan increased significantly, which indicated that the Benggang restoration was helpful to the improvement of soil fertility and the productivity of land.





4. Discussion


4.1. Analysis of Physical Soil Properties for Different Stages of Benggang Restoration


The coefficient of variation for soil pH was small, whereas that soil organic matter was large in the Benggang restoration areas. The reason for the small coefficient of variation of soil pH may be related to vegetation and soil type. The soils in the study area were red soil, and the main vegetation was Pinus massoniana. Red soil and Pinus massoniana were indicators of acidic soil. In addition, the spatial variability in soil properties may be related to the natural environment, human activities and soil characteristics, thus leading to differences in variability among different regions [51,52]. According to Pearson’s correlation coefficient method, the analysis of soil physical properties and soil nutrients in the Benggang restoration area were analyzed (Figure 11). The correlations reflect the changes in soil structure in different stages of Benggang restoration, which included high gravel and sand contents, low clay and silt contents, and low soil nutrients. The reason for these results is that under Benggang erosion, many quartz particles in granite are brought to the soil surface, and clay and silt are continuously lost under the action of water erosion and wind erosion, resulting in a large amount of soil loss and deterioration of the soil texture [53]. Many sand grains, such as quartz and feldspar, were not conducive to water and soil conservation, limiting the ecological restoration of gullies. There were significantly negative correlations between sand and clay and organic matter, cation exchange capacity and soil nutrients, which restricts the recovery of soil nutrients [54].



The Benggang restoration areas have different levels of soil development, leading to spatial variations in the soil physical properties along the runoff direction; for example, the soil bulk density from the upper catchment to the alluvial fan first increased, then decreased and finally increased. The soil bulk density of the collapsing wall was higher than that in the other parts of the Benggang system. The upper catchment, which is mainly dominated by surface erosion, had a low erosion intensity and soil bulk density. When the upper catchment encounters heavy rainfall, the shear strength and shear force of the collapsing wall may change due to uneven water distribution, causing soil erosion. The colluvial deposit was located at the lower edge of the collapsing wall and formed mainly by the collapsing wall. The colluvial deposit, with bare soil and serious soil erosion, was the main source of sand production in the Benggang area. The soil bulk density, saturated hydraulic conductivity, gravel content, sand content, and aeration porosity underwent the same changes from active Benggang to stable Benggang restoration, showing gradually decreasing trends, whereas the soil field water capacity, total porosity, capillary porosity, and clay content each exhibited the opposite trend. In this study, the bulk density and porosity of Benggang soil in the stable and semi-stable stages were better than those in the active stage. On the one hand, the soil disturbance in the stable stage and semi-stable stage was reduced, and the pores formed by vegetation litter and root rot were not destroyed. On the other hand, less soil disturbance was beneficial to the formation of soil aggregates, increasing the number of pores and improving the soil environment, thus achieving the goal of reducing the bulk density and increasing the porosity [30]. Meanwhile, the increase in vegetation coverage was beneficial to the interception of soil moisture and the improvement of the soil physical structure. However, although the physical properties of the soil improved, the soil physical properties in the whole study area were still lower than the soil background value. It was possible that this area was more susceptible to Benggang erosion because of coarser soil properties initially.




4.2. Analysis of Soil Chemical Properties in Different Stages of Benggang Restoration


The soil organic matter, available nutrients and total nutrients increased from the active stage to the semi-stable stage to the stable stage of Benggang restoration. Benggang erosion involves the denudation, transport and accumulation of soil nutrients. Therefore, soil nutrients obviously vary along the direction of runoff. The vegetation coverage and litter on the soil surface increased with the development of Benggang restoration, which promoted soil biological activity and the transport and transformation of water, nutrients, gases, and heat, resulting in an increase in nutrients, particularly soil organic matter [55,56]. The soil organic matter content was the highest in the upper catchment in the different recovery stages of Benggang and the lowest in the scour channel and the collapsing wall. The reasons were that a large amount of sand accumulates in the scour channel during Benggang erosion, making vegetation survival difficult, and the collapsing wall was the main factor affecting Benggang erosion, making it difficult for plants to exist and resulting in a low organic matter content. The variations in the cation exchange capacity and total nutrients are the same during the different Benggang recovery stages, with the lowest values appearing in colluvial deposits. The soil total nutrients increase gradually from colluvial deposits to alluvial fans, which may be related to the vegetation coverage in each part of the Benggang landform [28].



Soil available nutrients which are the direct sources of the three elements necessary for biological growth and are influenced by natural factors, such as terrain and climate and by human factors during the formation process and have characteristically high spatial heterogeneity [57,58]. The available nutrient contents in the active stage of Benggang restoration were generally lower than those in the semi-stable and stable stages of Benggang restoration, in which the contents of available nitrogen and available phosphorus varied significantly. These differences were mainly caused by the decomposition of natural minerals and soil organic matter during the ecological restoration process [59]. The high spatial differentiation was that the nutrients in the gully region were carried away by rainwater runoff under the action of hydraulic erosion and gravity and where soil nutrients had not accumulated. Meanwhile, soil leaching accelerates the decomposition rate of available nutrients. The content of available nitrogen in the Benggang areas was significantly correlated with the total porosity, capillary porosity, clay, soil organic matter, and total nutrients, which may be related to the source of the total nutrients. The available potassium content has significantly positive or negative correlations with capillary porosity, soil particle characteristics, soil organic matter, and total nutrients, which may be related to the effects of granite weathering on the soil.




4.3. Evaluation of Soil Fertility for Different Stages among Benggang Restoration


Benggang erosion is a form of erosion that occurs after the decomposition and collapse of a granite weathering crust. The survey statistics showed that active Benggang areas account for 88.90% of all Benggang areas, while semi-stable Benggang and stable Benggang areas together account for only 11.10%. Among the different Benggang recovery stages, active Benggang areas are prone to soil erosion and soil degradation under high-intensity rainfall [20]. Therefore, the evaluation of soil fertility can provide a more intuitive reference for the restoration and control of Benggang gullies. The results of the comprehensive evaluation of soil fertility revealed the following order: the stable stage of Benggang restoration (1.28) > the semi-stable stage of Benggang restoration (−0.33) > the active stage of Benggang restoration (−0.95). The results showed that soil nutrients and productivity increased, and soil physical structure and fertility improved with the progression of Benggang recovery. The soil fertility at these locations in different stages of Benggang recovery remains at a fairly low level. The reasons were that the soil structure was loose, the soil loss was severe in this region, the background value of soil nutrients was fairly low, and it was difficult to increase to a higher level in a short time. Therefore, ecological restoration and soil productivity improvement are the primary problems to be solved in permanent gully areas.





5. Conclusions


This research on different stages of Benggang recovery (active, semi-stable and stable) showed that the gravel and sand contents and the bulk density decreased with increasing Benggang restoration, while the soil porosity, organic matter content, cation exchange capacity, and soil nutrients increased. In the Benggang erosion areas, the soil bulk density and coarse particulate matter content first increased, then decreased and finally increased in the runoff direction, while the clay content decreased. The soil total nutrients and cation exchange capacity were the highest in the upper catchment and the lowest in the colluvial deposit. In general, the permanent gully regions had a poor soil structure and low nutrient content. To a certain extent, this analysis of physical and chemical properties in different stages of Benggang recovery could reflect the Benggang restoration degree, but this analysis was not comprehensive. The PCA method was applied to evaluate the soil fertility of active, semi-stable and stable Benggang areas to obtain comprehensive scores for soil fertility at different Benggang sample points. The comparison of soil fertility in different Benggang restoration stages showed that the soil fertility was the highest in the stable stage, intermediate in semi-stable stage and lowest in active stage, indicating that the fertility of granite Benggang soil changes obviously in the process of natural ecological restoration, and natural ecology plays an important role in soil fertility improvement during Benggang restoration.
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Figure 1. Sketch of Benggang erosion in the granite hills of South China. 
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Figure 2. The location of the sampling sites. 
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Figure 3. Bulk density in the different spatial position in different stages of Benggang restoration. AG: active stage of Benggang; MG: semi-stable stage of Benggang; SG: stable stage of Benggang. UC: upper catchment; WT, WM, WL: the top, middle and lower of collapsing wall; DT, DL: the top and lower of colluvial deposit; SC: scour channel; AT, AM, AE: the top, middle and edge of alluvial fan. Different capital letters mean significant differences between different development stages of Benggang in the same position, different small letters mean significant differences between different positions of Benggang at the same development stage at 0.05 level. The same as below. 
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Figure 4. The content of total porosity, capillary porosity and aeration porosity in the different spatial positions in different stages of Benggang restoration. 
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Figure 5. The content of gravel, sand, clay and silt in the different spatial positions in different stages of Benggang restoration. 
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Figure 6. The field water capacity, soil water content, saturated hydraulic conductivity and pH in the different spatial positions in different stages of Benggang restoration. 
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Figure 7. The pH in the different spatial positions in different stages of Benggang restoration. 
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Figure 8. The soil organic matter and cation exchange capacity in the different spatial positions in different stages of Benggang restoration. 
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Figure 9. The content of total nitrogen, total phosphorus and total potassium in the different spatial positions in different stages of Benggang restoration. 
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Figure 10. The available nitrogen, available phosphorus and available potassium in the different spatial positions in different stages of Benggang restoration. 
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Figure 11. Pearson correlation analysis. * p < 0.05; ** p < 0.01; SHC: saturated hydraulic conductivity; BD: bulk density; STP: soil total porosity; CP: capillary porosity; NCP: aeration porosity; SWC: saturated water content; FWC: field water capacity; OM: organic matter; CEC: cation exchange capacity; TN: total nitrogen; TP: total phosphorus; TK: total potassium; AN: available nitrogen; AP: available phosphorus; AK: available potassium. Circle: the larger the correlation coefficient, the larger the circle. The smaller the correlation coefficient, the smaller the circle. Red: the correlation coefficient is positive, the redder the color, the closer to 1.0. Blue: the correlation coefficient is negative, the bluer the color, the closer to negative 1.0. 
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Table 1. Statistical characteristic values of soil physical and chemical properties in the study area.






Table 1. Statistical characteristic values of soil physical and chemical properties in the study area.





	Soil Property
	Minimum
	Maximum
	Mean
	Std
	CV%
	Skewness
	Kurtosis





	GR (%)
	13.32
	36.68
	23.78
	5.84
	24.57
	0.365
	−0.158



	SA (%)
	32.72
	69.20
	47.94
	9.01
	18.79
	0.317
	−0.456



	CL (%)
	8.10
	36.64
	20.70
	8.83
	42.66
	0.549
	−1.047



	SI (%)
	22.70
	38.72
	31.36
	4.24
	13.52
	−0.31
	−0.513



	FWC (%)
	21.18
	39.60
	29.63
	3.95
	13.34
	−0.019
	0.691



	SWC (%)
	32.57
	43.19
	37.31
	2.94
	7.88
	−0.031
	−0.933



	SHC (mm/min)
	0.08
	1.56
	0.69
	0.42
	60.28
	0.535
	−0.635



	BD (g/cm3)
	1.16
	1.46
	1.32
	0.08
	6.00
	0.022
	−0.921



	STP (%)
	45.41
	54.99
	49.85
	2.81
	5.65
	−0.005
	−1.16



	CP (%)
	29.60
	45.64
	38.70
	3.81
	9.83
	−0.811
	0.539



	NCP (%)
	3.17
	17.27
	11.15
	3.58
	32.11
	−0.183
	−0.549



	pH
	4.56
	4.75
	4.66
	0.05
	1.11
	−0.121
	−1.091



	SOM (g/kg)
	0.45
	14.88
	5.43
	4.10
	75.55
	0.506
	−0.696



	CEC (cmol/kg)
	0.89
	14.58
	6.39
	4.03
	63.15
	0.322
	−1.024



	TN (g/kg)
	0.14
	0.58
	0.36
	0.11
	30.52
	0.053
	−0.349



	TP (g/kg)
	0.09
	0.28
	0.18
	0.05
	26.86
	0.176
	−0.627



	TK (g/kg)
	2.09
	7.28
	4.98
	1.31
	26.22
	−0.438
	0.043



	AN (mg/kg)
	14.91
	63.09
	34.92
	13.43
	38.46
	0.505
	−0.642



	AP (mg/kg)
	3.39
	8.91
	5.56
	1.38
	24.79
	0.504
	0.069



	AK (mg/kg)
	4.89
	50.27
	21.75
	11.82
	54.35
	0.597
	−0.132







Notes: Std: standard deviation.; GR: gravel content; SA: sand content; CL: clay content; SI: silt content; FWC: field water capacity; SWC: saturated water content; SHC: saturated hydraulic conductivity; BD: bulk density; STP: soil total porosity; CP: capillary porosity; NCP: aeration porosity; SOM: soil organic matter; CEC: cation exchange capacity; TN: total nitrogen; TP: total phosphorus; TK: total potassium; AN: available nitrogen; AP: available phosphorus; AK: available potassium. The same as below.
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Table 2. Interpretation of total variance.
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Component

	

	
Eigenvalue




	
Characteristic Root

	
Variance %

	
Cumulative Contribution Rate %






	
1

	
11.252

	
56.26

	
56.26




	
2

	
3.689

	
18.447

	
74.707




	
3

	
2.281

	
11.404

	
86.111
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Table 3. Initial factor loading matrix and eigenvectors.
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Indicators

	
Principal Component

	
Feature Vector




	
1

	
2

	
3

	
Z1

	
Z2

	
Z3






	
SHC

	
−0.452

	
0.782

	
0.205

	
−0.135

	
0.407

	
0.136




	
BD

	
−0.491

	
−0.781

	
0.368

	
−0.146

	
−0.406

	
0.244




	
STP

	
0.541

	
0.731

	
−0.369

	
0.161

	
0.380

	
−0.244




	
CP

	
0.772

	
−0.195

	
−0.541

	
0.230

	
−0.101

	
−0.358




	
NCP

	
−0.396

	
0.782

	
0.285

	
−0.118

	
0.407

	
0.189




	
SWC

	
0.532

	
0.704

	
−0.402

	
0.159

	
0.366

	
−0.266




	
GR

	
−0.662

	
0.505

	
0.066

	
−0.197

	
0.263

	
0.043




	
SA

	
−0.779

	
0.422

	
0.344

	
−0.232

	
0.220

	
0.228




	
CL

	
0.759

	
−0.368

	
−0.056

	
0.226

	
−0.191

	
−0.037




	
SI

	
0.074

	
−0.131

	
−0.615

	
0.022

	
−0.068

	
−0.407




	
FWC

	
0.793

	
0.228

	
−0.520

	
0.236

	
0.119

	
−0.344




	
pH

	
0.755

	
−0.117

	
0.039

	
0.225

	
−0.061

	
0.026




	
OM

	
0.901

	
0.135

	
0.231

	
0.269

	
0.070

	
0.153




	
CEC

	
0.959

	
−0.100

	
0.179

	
0.286

	
−0.052

	
0.118




	
TN

	
0.931

	
−0.063

	
0.257

	
0.278

	
−0.033

	
0.170




	
TP

	
0.922

	
−0.014

	
0.319

	
0.275

	
−0.008

	
0.211




	
TK

	
0.901

	
0.171

	
0.296

	
0.269

	
0.089

	
0.196




	
AN

	
0.930

	
0.156

	
0.208

	
0.277

	
0.081

	
0.138




	
AP

	
0.830

	
0.207

	
0.431

	
0.247

	
0.108

	
0.285




	
AK

	
0.916

	
0.104

	
0.294

	
0.273

	
0.054

	
0.195
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Table 4. Comprehensive scores of various parts of Benggang of different activity types.
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Treatment Code

	
AG

	
MG

	
SG




	
Comprehensive Score

	
Ranking in Composite Scores

	
Comprehensive Score

	
Ranking in Composite Scores

	
Comprehensive Score

	
Ranking in Composite Scores






	
UC

	
1.22

	
2

	
2.39

	
1

	
4.49

	
1




	
WT

	
1.69

	
1

	
2.17

	
2

	
3.01

	
3




	
WM

	
−0.85

	
5

	
−0.69

	
5

	
0.49

	
7




	
WL

	
−3.25

	
10

	
−2.90

	
10

	
−2.29

	
10




	
DT

	
−1.56

	
7

	
−0.98

	
7

	
−0.18

	
9




	
DL

	
−1.46

	
6

	
−0.97

	
6

	
0.34

	
8




	
SC

	
−0.82

	
4

	
−1.10

	
8

	
0.92

	
5




	
AT

	
−2.50

	
9

	
−1.76

	
9

	
0.63

	
6




	
AM

	
−1.71

	
8

	
−0.19

	
4

	
2.09

	
4




	
AE

	
−0.28

	
3

	
0.73

	
3

	
3.34

	
2




	
Mean

	
−0.95

	
3

	
−0.33

	
2

	
1.28

	
1








Notes: AG: the active stage of Benggang restoration; MG: the semi-stable stage of Benggang restoration; SG: the stable stage of Benggang restoration. UC: upper catchment; WT, WM, WL: the top, middle and lower of collapsing wall; DT, DL: the top and lower of colluvial deposit; SC: scour channel; AT, AM, AE: the top, middle and edge of alluvial fan.
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