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Abstract

:

Land use and rainfall are two important factors affecting soil erosion processes. The red soil region of southern China is a representative region with high rainfall amounts and rapidly changing land use patterns where the water erosion process is sensitive to changes in land use and rainfall. To comprehensively understand the water erosion response to land use and rainfall in this region, a 6-year in situ experiment based on eight plots (bare land and seven typical land uses) was conducted from 2015 to 2020. The 320 rainfall events were divided into 4 types, and there were 3 main rainfall types. The runoff of different rainfall types was primarily determined by the rainfall amount, while the soil erosion of different rainfall types was primarily determined by the rainfall intensity. High-intensity rainfall contributed the most to both total runoff and soil erosion. Compared with bare land, the seven typical land uses reduced runoff and soil erosion by more than 75%. Grassland, cropland, and forest with low vegetation coverage experienced high runoff and soil erosion, while shrubland most effectively reduced runoff and soil erosion. The combination of land use and rainfall type significantly affected the annual average runoff depth, soil erosion modulus, and soil loss coefficient. Rainfall types can change the relationship between runoff and soil erosion for different land uses. The runoff and soil erosion of bare land were highly correlated with rainfall characteristics, while vegetation weakened this relationship under short- or moderate-duration rainfall. To effectively reduce water erosion, high-intensity rainfall should receive special attention, and all land uses should ensure that vegetation is well developed, especially understory vegetation.
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1. Introduction


Soil is a major natural resource for life on earth and provides a wide range of ecosystem services for humans [1]. However, soil erosion has become one of the most severe global eco-environmental problems [2], resulting in not only on-site soil loss, land degradation, nutrient loss, and biodiversity reduction but also in off-site impacts, such as surface water pollution, river channel and reservoir deposition, and increased flood risk [3,4]. In recent decades, various studies on soil erosion have been carried out, and many soil and water conservation methods have been proposed and implemented [4,5,6]. However, it is estimated that approximately 35.9 Pg of soil per year is lost from land [7]. Therefore, the effective and economical control of soil erosion is a long-term and difficult task for scientists and engineers [8].



Rainfall-induced soil erosion is the most important type of soil erosion, and it includes the following two distinct processes: the detachment of soil particles caused by raindrop splashing and the subsequent scouring of surface runoff or laminar flow [9]. Rainfall represents the main driving force of water erosion. Rainfall characteristics, such as the rainfall amount, duration, intensity, kinetic energy, and erosivity, notably affect runoff and soil erosion processes [2,8,10]. Simulated rainfall experiments are widely used to explore the impact of one or several rainfall characteristics on runoff and soil erosion [11,12]. These methods have several advantages [11]. Nevertheless, natural rainfall usually fluctuates in rainfall intensity; thus, the rainfall process is complex and dynamic [13]. It is difficult to reproduce the conditions of natural rainfall using simulated rainfall experiments [14]. Dividing natural rainfall into different types and analyzing these types separately are currently effective methods for revealing the actual impact of natural rainfall on the soil erosion process [15,16]. Many studies have shown that rainfall type greatly affects runoff and soil erosion [15,17]. However, due to the temporal and spatial heterogeneity of rainfall [18], there may be significant differences in the classification of rainfall types in different periods and regions. For example, summer precipitation in the Upper Yangtze River basin during 1960–2002 showed an insignificant upwards trend [19], while the trend of extreme precipitation in Xinjiang increased [20]. These differences may have diverse impacts on regional soil erosion.



In addition, the water erosion process is affected by many other factors [21], among which land use is considered one of the most important factors influencing the occurrence and intensity of runoff and soil erosion [22,23]. As a joint reflection of anthropogenic activities and their interactions with the natural ecosystem [24], land use can greatly reduce soil erosion after proper regulation [22]. However, the amount of runoff and soil erosion on the same land use type may vary greatly under different conditions. Taking southern China as an example, Chen et al. [23] found that all land use types (except bare land) were included in the six least runoff-prone and erosion-prone land use subtypes, and all land use types (except grassland and shrubland) were included in the seven most runoff-prone and erosion-prone land use subtypes. The reason for this phenomenon may be that the runoff and soil erosion of most land uses are affected by vegetation conditions [25,26], soil and water conservation measures [4], climate [27], and other factors. Many studies [3,23] also believe that land use has a limited influence on soil erosion if the vegetation cover is well developed or if good management practices are implemented.



There may be complex interactions among factors affecting soil erosion, and these interactions are considered a significant source of prediction uncertainty [21]. However, previous studies focused mostly on the effects of single factors on runoff and soil erosion [28], ignoring the effects of multifactor interactions on these processes. Although researchers have studied the interaction effects between different factors on runoff and soil erosion in recent years [14,21], the existing studies are still insufficient. Against the background of global climate change, vegetation and rainfall will be affected first, which will lead to great changes in water erosion. Therefore, it is necessary to systematically comprehend the impact of land use, rainfall, and their combination on runoff and soil erosion, which will help us predict and control soil and water loss under future climate change.



In China, population growth, rapid development, and intense human activity have greatly accelerated the land degradation induced by soil erosion [2,6]. The Chinese government has implemented erosion control projects (e.g., the “Grain for Green” project on the Loess Plateau). Although these projects have significantly reduced soil erosion, there is still a considerably high soil erosion rate in China [7]. The red soil region has high vegetation coverage, but it is a hot spot for soil erosion [2]. There are high amounts of rainfall that are unevenly distributed, rapidly changing land use patterns, and large areas of plantations in the red soil region. However, the impacts of rainfall and land use on runoff and soil erosion in the red soil region are still unclear, which restricts land use sustainability and soil and water conservation effectiveness in afforestation. Changting County is one of the most severely affected water and soil loss areas in the red soil region of southern China, and it has climatic conditions, land use types, and soil erosion characteristics that are typical of the red soil region [29]. Therefore, the Zhuxi watershed in Changting County of Fujian Province was selected as the study area representing the red soil region in southern China, and several typical mountain land use plots were monitored in situ. Finally, our study obtained and analyzed a long-term data set of runoff and soil erosion based on natural rainfall. The specific objectives were to (i) investigate the characteristics of runoff and soil erosion among different land uses, (ii) compare the runoff and soil erosion of different rainfall types and their relationships with rainfall characteristics, and (iii) evaluate the impacts on runoff and soil erosion caused by the combination of rainfall and land use.




2. Materials and Methods


2.1. Study Area and Experimental Plots


This study was carried out in the Zhuxi watershed (116°23′30″–116°30′30″ E, 25°38′15″–25°42′55″ N) in Changting County of Fujian Province, which is a field experimental site of the Soil and Water Conservation Center of Changting (Figure 1). The Zhuxi watershed, with an area of 43.93 km2, is located in the southeastern part of the red soil region in China. The terrain is dominated by low mountains and hills, with an elevation of 270–680 m. The main soil type is red soil, and the bedrock is granite. The region has a humid subtropical monsoon climate, with an annual average temperature of 18.3 °C and an annual average rainfall amount of 1695.50 mm (1956–2015) [30]. The zonal vegetation in the watershed is subtropical evergreen broad-leaved forest, which has been destroyed by long-term human activities. At present, most forested areas are Pinus massoniana secondary forests and plantations, which have become the main vegetation types in the watershed [30].



Eight plots in the study area were constructed in 2000. All plots were located in the middle slope, with a slope gradient of 15° and an aspect of 270°. The projection area of the plots was 100 m2 (20 m in length, 5 m in width). The soil type was red soil. Rectangular water channels were built at the end of all the plots to collect the runoff and sediment. Finally, the runoff and the sediment were transferred into runoff ponds. The basic soil (in 2015) and vegetation information for each plot is listed in Table 1 and Table 2, respectively. The plots were either bare land or one of 7 typical mountain land use and vegetation combinations, and the vegetation species were the local native species. Bare land (CK) was used as a control, and the other plots were grassland (GL), cropland (AL), orchard (OL), shrubland (FL1), broad-leaved forest (FL2), Pinus massoniana forest (FL3), and Pinus massoniana and shrub forest (FL4). In 2015, soil samples were collected from different plots to obtain basic soil information (Table 1), and the soil organic matter (SOM) content was determined via the wet-oxidation method [31]. Except for AL, the 6 typical land use plots were planted with trees in 2006, and all the plots were repaired and managed in 2013.




2.2. Rainfall, Runoff, and Soil Erosion Measurements


The study period was from January 2015 to December 2020. During this time, there were no management practices in any of the plots except AL, and the vegetation coverage of the 8 plots did not change significantly. The data for each rainfall event were collected by a water level rainfall data acquisition instrument (WJF-2) installed in the plots, and the collected data included the rainfall P (mm), rainfall duration T (min), rainfall intensity I (mm/h), and runoff depth R (mm). The average rainfall intensity Im (mm/h), maximum rainfall intensity at 30 min I30 (mm/h), and rainfall erosivity EI30 (MJ·mm·hm−2·h−1) were calculated by automatic weather station software (CAWS600-R(T), Huayun Technology Development Co., Beijing, China). After rainfall, the water and sediment collected in the runoff pond were fully mixed, and sediment samples were collected from each runoff pond using a 1 L plastic bottle. All the samples were weighed and allowed to stand for 24 h. Then, the upper clear liquid was removed, and the sample was transferred to a wide-open container. Finally, the sediment samples were placed in a cool place to air dry. Then, they were weighed, and the amount of soil erosion was measured.



There were 320 rainfall events (erosive rainfall, as shown in Figure 2) causing runoff and soil erosion in the CK, and the rainfall amount was 6247.40 mm, accounting for 65.19% of the total rainfall (9582.80 mm) in the study area from 2015 to 2020. The annual rainfall and erosive rainfall (Figure 2a) were 1383.8~2251.5 mm and 1071.7~2015.0 mm, respectively. Most rainfall occurred from March to September, accounting for 70%~88%, and June had the highest rainfall amount (Figure 2b).



Runoff and soil erosion were reflected by the runoff depth (mm) and soil erosion modulus (t/hm2), respectively. The runoff depth (R) was obtained directly by WJF-2, and the soil erosion modulus (S) [8] (Zhu et al., 2021) was computed as follows:


  S = SL / A  



(1)




where SL is the soil loss during a single rainfall event (g) and A is the projected area of the runoff plot (m2).



In addition to R and S, the runoff and sediment per unit rainfall were studied; these values were represented by the runoff coefficient (RC) and soil loss coefficient (SLC) [13]. Generally, a high RC (%) or SLC (t·km−2·mm−1) indicates that a plot has a high risk of soil erosion; that is, more runoff and soil erosion will be generated under the same rainfall. RC and SLC were calculated as follows:


  RC =  R / P   



(2)






   SLC =  S / P    



(3)




where R is the runoff depth (mm), S is the soil erosion modulus (t/hm2), and P is the amount of rainfall (mm) causing runoff/sediment.




2.3. Rainfall Threshold of Runoff and Soil Erosion Generation


The four rainfall characteristics (P, Im, I30, and EI30) were selected to calculate the rainfall threshold of runoff and sediment generation in 7 typical land uses [32]. (1) All rainfall events that generated runoff and sediment were arranged in descending order based on rainfall characteristics. (2) The cumulative R and S in descending order of rainfall characteristics and the ratio of the cumulative R (S) to the total R (S) of rainfall events were calculated. (3) The regression equation of rainfall characteristics and the associated cumulative percentages of R and S were established. (4) When the ratio of cumulative R(S) to total R (S) was 95%, the corresponding rainfall characteristics were the rainfall thresholds of runoff and sediment generation. The mixing index (MI) was calculated to evaluate the rationality of the thresholds of runoff- and sediment-generating rainfall [33]. The smaller the MI value was, the better the threshold.


   MI =      N   up   +   N   dn       N   t      



(4)




where MI is the mixing index, indicating the rate of the number of events that were “misclassified” in the rainfall events that generated runoff (sediment) or not to the number of total events; Nup indicates the number of rainfall events that did not generate runoff (sediment) with characteristics higher than the thresholds; Ndn indicates the number of rainfall events that generated runoff (sediment) with characteristics smaller than the thresholds; and Nt indicates the total number of events.




2.4. Rainfall Classification


According to the results of several previous studies (e.g., [15,34]), the T, P, and I30 of single rainfall events were selected as the characteristic indicators for classification. The K-means clustering method was used to classify the 320 rainfall events measured from 2015 to 2020 into several types. The classification results indicated that, as the clustering values increased, the within-groups sum of squared error (WSS) of T and P first decreased significantly and then tended to flatten, and the inflection point of the changes in their WSS corresponded to a clustering value of 4. Additionally, when the clustering value was greater than 4, there were 2 or more rainfall types containing only 1–3 rainfall events, which was obviously unreasonable. Therefore, the rainfall in this study can be divided into 4 types. The WSS was calculated as follows:


   WSS =    1    NT -  1     ∑   i =  1   N      ∑   t =  1   T          x   it   -     x  ¯    i       2        



(5)




where NT is the total number of events (320); N is the number of types; T is the number of events of each rainfall type; x is the rainfall characteristic value; and     x  ¯    is the mean of the rainfall characteristic value of each rainfall type.




2.5. The Ratio between Runoff and Soil Erosion Reduction


The ratio between runoff reduction and sediment reduction (RRS, %) [4] was calculated and used to analyze the relative effectiveness between the runoff and soil erosion reduction of different land uses. A low RRS indicated that land use had a greater effect on reducing sediment than on reducing runoff.


  RRE =     R   c   −   R   t       R   c     × 100  



(6)






  SRE =     S   c   −   S   t       S   c     × 100  



(7)






   RRS =    RRE   SRE   × 100  



(8)




where Rc and Rt represent the runoff depth for plots of bare land and 7 typical land uses, respectively. Sc and St represent the soil erosion modulus for plots of bare land and 7 typical land uses, respectively. RRE and SRE represent runoff reduction and sediment reduction, respectively.




2.6. Data Analysis


One-way ANOVA and the least significant difference (LSD) test were employed to detect the differences in the runoff and soil erosion indicators. K-means clustering was used to classify the rainfall types. Multivariate ANOVA and Pearson correlation were used to determine the relationships between rainfall, land use, runoff, and soil erosion, and the goodness-of-fit of the relationships was evaluated by Pearson correlation coefficients [8]. All data were analyzed by IBM SPSS (version 25.0) and SigmaPlot 12.5 software.





3. Results


3.1. Runoff and Soil Erosion of Different Land Uses


The changes in annual rainfall, runoff, and soil erosion in each plot are shown in Figure 3. The annual R and annual S of all plots changed with the changes in annual rainfall from 2015 to 2020, especially when the rainfall amount was highest in 2016, and the R of CK, GL, AL, and FL3 increased greatly. Figure 4 shows that the annual average R and S of CK were significantly higher than those of the other land uses (p < 0.01), with an annual average R of 714.28 mm and an annual average S of 61.53 t/hm2. Compared with CK, the annual average R of the seven land uses (GL, AL, OL, FL1, FL2, FL3, and FL4) decreased by 84.03%, 82.83%, 96.87%, 98.42%, 96.75%, 76.81%, and 94.19%, respectively, and S decreased by 97.10%, 90.31%, 99.49%, 99.52%, 99.52%, 93.22%, and 98.94%, respectively. There were also differences in runoff and soil erosion among the seven typical land uses. GL, AL, and FL3 had high runoff and soil erosion, and OL, FL1, FL2, and FL4 had low runoff and soil erosion. The annual average R of FL3 was significantly higher than that of OL, FL1, FL2, and FL4 (p < 0.01), and the annual average S of AL and FL3 was significantly higher than that of OL, FL1, FL2, and FL4 (p < 0.01).



There are differences in the thresholds of erosive rainfall among different land uses [32]; therefore, the annual average RC and SLC values were analyzed (Table 3) to eliminate the influence of erosive rainfall amount variation. The annual average RC and SLC of CK were significantly higher than those of the seven typical land uses (p < 0.01). There were also differences in the RC and SLC among the seven typical land uses. The annual average RC values of GL, AL, and FL3 were significantly higher than those of the other land uses (p < 0.01), and the annual average SLC value of AL was significantly higher than those of GL, OL, FL1, FL2, and FL4 (p < 0.01). The thresholds of rainfall that generated runoff and sediment in the seven typical land uses were calculated (Table 4). The thresholds of P, Im, I30, and EI30 for runoff generation in OL, FL1, and FL2 were relatively high and had higher MI values than those of the other land uses. The thresholds of P, Im, I30, and EI30 for sediment generation in different land uses were obviously different and had higher MI values than those for runoff generation, indicating that the sediment generation of different land uses was more uncertain. In general, using a single rainfall characteristic may be ineffective in accurately separating runoff- and sediment-generating rainfall in different land uses. It is necessary to comprehensively consider rainfall characteristics to analyze the runoff and soil erosion of different land uses.




3.2. Variation of Runoff and Soil Erosion among Rainfall Types


3.2.1. Rainfall Types


During the monitoring period, the rainfall amounts of the four rainfall types were 2006.40 mm, 3643.40 mm, 2473.60 mm, and 139.00 mm. The characteristics of these four types of rainfall are shown in Table 5. Type II was the most common type (218), followed by Type III (74), Type I (24), and Type IV (4). Type I had the highest T, P, and EI30. Type II had the smallest T, but its Im was large. Type III had moderate T, P, and EI30, but its Im and I30 were small. Type IV had the highest Im and I30, especially I30 (1317.50 ± 406.95 mm/h), which was significantly higher than that of the other rainfall types. Type IV was the extreme rainfall in the study area, and it was relatively rare and occurred only in 2015. Therefore, we did not analyze Type IV and its runoff and soil erosion in this study.




3.2.2. Runoff and Soil Erosion


The total amount of erosive rainfall in each plot (Figure 5a) was as follows: CK > FL3 > AL > GL > FL4 > OL > FL1 > FL2, of which the three main rainfall types were ranked as II > III > I. The total amounts of R and S of the different rainfall types are shown in Figure 5b,c. The total amount of R in CK, GL, AL, FL3, and FL4 was ranked II > III > I, and that in OL, FL1, and FL2 was ranked II > I > III, while the total amount of S in CK and the seven typical land uses was ranked II > III > I. The difference in the total amount of R and S in different plots under the same rainfall type was similar to the difference in the annual average R and S in different plots.



As shown in Table 3, the annual average RC and SLC values of CK and the seven typical land uses were the largest under Type II, and the annual average SLC value was ranked as II > III > I. Under the different rainfall types, the annual average RC and SLC values of CK were significantly higher than those of the other land uses (p < 0.01). There were also differences in the annual average RC and SLC values for the same rainfall type among the seven typical land uses. Under Type I, the annual average RCs of GL, AL, and FL3 were significantly higher than those of OL and FL1 (p < 0.01), and the annual average SLCs of AL and FL3 were significantly higher than those of the other land uses (p < 0.01). Under Type II, the annual average RC of GL, AL, and FL3 was significantly higher than that of the other land uses (p < 0.01), and the annual average SLC of AL was significantly higher than that of OL, FL1, FL2, and FL4 (p < 0.01). Under Type III, the annual average RC of GL, AL, and FL3 was significantly higher than that of OL, FL1, and FL2 (p < 0.01), and the annual average SLC of AL was significantly higher than that of OL, FL1, FL2, and FL4 (p < 0.01). Regardless of the rainfall type, GL, AL, and FL3 had high RC and SLC values. However, changes in the RC and SLC caused by the rainfall type varied with different land uses. Under Type II, the annual average SLC of AL significantly increased and became the highest, while under Types I and III, the annual average SLC of FL3 was the highest. Although rainfall type changed runoff and soil erosion to some extent, it did not change the overall trends of runoff and soil erosion among the bare land and the seven typical land uses.





3.3. Relationship between Runoff and Soil Erosion for Different Land Uses


There was a relative effectiveness between runoff reduction and soil erosion reduction in the same land use, which was reflected by the RRS [4]. The RRSs of GL, AL, OL, FL1, FL2, FL3, and FL4 were 87.3%, 95.43%, 97.44%, 99.03%, 97.30%, 83.08%, and 95.41%, respectively. The RRS values of seven typical land uses were all higher than 80%, which indicated that there were small differences in the efficiency of runoff reduction and sediment reduction among these land uses. AL and FL3 had relatively smaller RRS values than did the other land uses, indicating that AL and FL3 were much more effective in reducing sediment than in reducing runoff. The RRS may be affected by rainfall type. The distribution of the RRS of most land uses changed with the different rainfall types (Figure 6). The RRS of all the land uses under Type I was relatively low and had great variability compared with that under Types II and III, especially for GL, AL, and FL3. The RRS values of OL, FL1, FL2, and FL4 were higher than those of GL, AL, and FL3 under the three rainfall types, among which the RRS of FL1 was the highest and had the least variability.



In fact, the soil erosion processes driven by rainfall are closely related to runoff processes [35]. The nonlinear regression analysis showed that the relationship between single rainfall R and S could be well fitted as a power function of S = aRb (Table 6). The fitting coefficient a represents the amount of soil erosion per unit runoff, reflecting the sensitivity of the soil to erosion [8]. In this study, the fitting coefficient a of the different types of rainfall in each plot differed, and that of Type II was generally larger than that of the other two rainfall types. Additionally, the fitting coefficient a of the different land uses was different under the same rainfall type; it was largest for AL and FL3; followed by FL1 and FL4; and GL, OL, and FL2 had the lowest values.




3.4. Effects of Rainfall and Land Use on Runoff and Soil Erosion


The results of multivariate ANOVA (Table 7) showed that land use had a significant impact on the annual average R, S, RC, and SLC, and rainfall type had a significant impact on the annual average R, S, and SLC. Moreover, there was a combination effect of land use and rainfall type on the annual average R, S, and SLC. Owing to the variability of natural rainfall characteristic indicators, the rainfall thresholds of runoff and soil erosion generation in different land uses were significantly uncertain (Table 4); however, the distribution characteristics of runoff and soil erosion at the event scale may provide some information about the impact of rainfall type and land use. As shown in Figure 7 and Figure 8, at the event scale, the average R values in all land uses were the highest under Type I, and the average S values in seven typical land uses were the highest under Type II. The R and S value ranges of CK were significantly larger than those of the other land uses. Under Type I, the R values of CK had a relatively uniform distribution (ranging from 0 to 120 mm), while under Type II, the R value distribution of CK was the most concentrated (ranging from 0 to 45 mm). In contrast, CK may have high S values (>8 t/hm2) under Types II and III. Among the seven typical land uses, the single rainfall R and S values of GL, AL, and FL3 had a larger distribution range and more dispersed distribution compared with those of OL, FL1, FL2, and FL4. Although high R values were generated by Type I in seven typical land uses, Types II and III may have led to high soil erosion.



Additionally, Pearson correlation analysis showed that the relationships between the single rainfall R and S and the rainfall characteristics differed due to the different land uses and rainfall types (Figure 9). The single rainfall R of almost all plots was significantly affected by P and EI30, with most showing a significant correlation at the 0.01 level. The single rainfall S of CK, AL, FL1, and FL2 under Type I (p < 0.05), as well as that of CK, GL, AL, and FL3 under Types II and III (p < 0.01), were significantly affected by P and EI30. Under Type II, the single rainfall R and S values of CK, GL, AL, FL3, and FL4 were significantly affected by Im (p < 0.05). Under Type III, the impacts of rainfall intensity on the single rainfall R and S values were obvious, with I30 and Im being significantly correlated with the single rainfall R of CK, GL, AL, OL, FL3, and FL4, and the single rainfall S of CK, GL, AL, and FL3 (p < 0.01). Pearson correlation coefficients showed that the single rainfall R and S values of CK were most strongly correlated with the characteristics of different rainfall types. There was a relatively weak correlation between the rainfall intensity of Type I and the single rainfall R and S values in all land uses, and the single rainfall R and S values of OL, FL1, FL2, and FL4 were weakly correlated with the characteristics of Types II and III (p > 0.05).





4. Discussion


4.1. Effects of Land Use on Runoff and Soil Erosion


The impact of land use on runoff and soil erosion has been well documented by numerous studies [22,23,27]. However, the runoff and soil erosion of the same land use type vary greatly in different regions (Table 8). In general, bare land has the highest soil loss, followed by cropland, orchard, grassland, shrubland, and forestland [14,22,27]. As shown in Table 7, the annual average rainfall of the study area and the runoff and soil erosion of bare land in this study were relatively close to the average values for the red soil region; thus, the results were representative. However, the soil erosion of shrubland (FL1), orchard (OL), and forests (FL2, FL3, and FL4) in this study was significantly lower than the regional average values, which may be related to the characteristics of vegetation and soil in the long-term undisturbed plots.



The vegetation characteristics of land use such as coverage, structure, species, aboveground biomass, litter coverage and density, and root mass [25,26,38,39] all impact water erosion. Furthermore, the soil physicochemical properties will change after long-term vegetation restoration. In this study, compared with bare land, the other land uses exhibited an increase in SOM and a decrease in silt content (Table 1). Studies have confirmed that vegetation restoration can significantly increase SOM and soil aggregate stability, leading to a reduction in soil erodibility [40,41]. Therefore, the runoff and soil erosion were most significant on bare land (CK). A decrease in vegetation coverage usually causes an increase in runoff and soil erosion [23,28,38]. Specifically, the tree canopy can intercept rainfall and change its kinetic energy [3,8,15], and it has a complex structure and low height and is beneficial for controlling soil erosion [3,42]. Grass can form ground cover, thereby decreasing splash erosion, intercepting surface runoff, and increasing soil infiltration [3,43]. Among the seven land use types, runoff and soil erosion can largely be explained directly by vegetation coverage (AL < FL3 < OL < FL2 < FL4 < FL1 < GL, Table 2); therefore, the annual average R, S, RC, and SLC values of FL3 and AL were higher than those of FL1, FL2, and FL4. Significantly, GL had the highest vegetation coverage but had high annual average R, S, RC, and SLC values, which contradicts the findings of several studies [44,45]. There was large and frequent rainfall in the study area [29,46]. Grass cannot effectively intercept rainfall and increase evapotranspiration due to the lack of a canopy, which will lead to high runoff. Moreover, the aboveground biomass, litter coverage, and root mass density of grass were lower than those of trees and shrubs; thus, long-term high levels of soil moisture content may result in a limited ability of grass to intercept runoff and increase soil infiltration. The process of water erosion is significantly affected by runoff processes, especially in southern China [46]), which ultimately leads to high soil erosion of grassland.



Mono-species communities are insufficient for controlling runoff and sediment [4,43,47]. Scientists have confirmed that planting shrubs or grass under forests is an ideal vegetation combination for controlling soil erosion [35,48]. However, the annual average R, S, RC, and SLC values of FL1 (only planted shrubs) were the lowest. This may be because the aboveground biomass of the understory vegetation (shrubs), which was roughly evaluated by the product of the height and coverage (Table 2), in FL1 was significantly higher than that in the other forests (p < 0.01). Previous studies have shown that shrubs most effectively reduce runoff and soil erosion [3,49]. Broad-leaved and mixed forests usually have higher canopy stratification, more differing functional traits (e.g., leaf area), and more litter than coniferous forests, which is helpful in reducing the risk of water loss and erosion [50]. The thresholds of erosive rainfall under vegetation were higher than those of bare land and cropland [32], which was reflected by the amount of erosive rainfall from land use (Figure 5a). However, the uncertainty of the relationship between rainfall characteristics and runoff and soil erosion may increase with the improvement of vegetation effectiveness in reducing runoff and soil erosion (Table 4).



The relationships between runoff and soil erosion differed among the different land uses (Table 6). Hence, although a reduction in runoff generally leads to a decrease in soil erosion in all land uses, the runoff reduction yields needed to decrease the same amount of sediment are not the same under different land uses [4,51]. In this study, the RRS values indicated that grassland and pure Pinus massoniana forests with no understory (FL3) were more unfavorable for reducing runoff than shrubs and other forests with multiple vegetation structures (OL and FL2). Moreover, the RRS of AL was significantly higher than that of cropland reported by Chen et al. [4] (0.7 ± 0.06). In addition to soil and water conservation measures, slope gradients [4], and vegetation [51], we speculated that rainfall may be one of the most important reasons for this phenomenon considering regional differences. In general, grassland, cropland, and forest with low vegetation coverage (FL3) were poorly effective in controlling runoff and soil erosion. In addition to increasing vegetation coverage, more attention should be given to the understory vegetation in different land use types to improve the effectiveness of land use conservation of soil and water in the study area.




4.2. Effects of Rainfall Type on Runoff and Soil Erosion


Rainfall is an important factor that causes differences in soil erosion between different regions. Taking the Loess Plateau as an example (Table 8), the runoff and soil erosion of different land uses shows an increasing trend with increasing annual rainfall. In contrast, the red soil region has a higher annual rainfall amount and less soil erosion. A previous study indicated that the relationship between soil erosion and annual precipitation is nonlinear for all land uses in China, with a clear increase in soil erosion with precipitation up to a mean annual precipitation of ca. 700 mm/yr and then a subsequent decrease and a second increase when the mean annual precipitation exceeds ca. 1400 mm/yr [36]. Moreover, there are significant differences in rainfall types in different regions, which affect runoff and soil erosion. According to the study of Chen et al. [15], the rainfall type with short duration and high intensity on the Loess Plateau (arid and semiarid areas) has an average rainfall of 15.4 mm and an average rainfall duration of 2.6 h. In contrast, the rainfall type considered to have the characteristics of short duration and high intensity may have relatively higher average rainfall and longer average rainfall duration in humid areas [34,52]. It is necessary to discuss the response of runoff and soil erosion to rainfall type in different regions separately.



In this study, rainfall was divided into four types, of which three were common types, namely Type I (long duration, heavy rainfall, moderate rainfall intensity), Type II (short duration, small rainfall, medium-to-high rainfall intensity), and Type III (medium duration, medium rainfall, low rainfall intensity). Rainfall intensity and amount are the dominant factors impacting runoff generation and soil erosion [11,15,17]. High-intensity rainfall can generally produce an earlier runoff start time, a larger runoff coefficient, and a higher peak flow velocity than can low-intensity rainfall [16,53]. Type II had the highest rainfall intensity and frequency, so it had the highest annual average RC and SLC values and contributed the most to runoff and soil erosion (Figure 5). However, Type I had moderate intensity but the lowest SLC values. Rainfall events with long durations and low intensities may show different behaviors than other rainfall types [11]. This behavior occurs because of the effects of the land surface roughness and physical barriers, which allow the accumulation of water in small puddles; additionally, these barriers prevent flow from entering the collecting channel until it acquires enough energy to break through the microrelief of the land [11,54]. This process can weaken the splash erosion of raindrops and reduce the runoff velocity, which ultimately results in a low soil loss coefficient. At the event scale, the average R value of Type I was higher than that of Types II and III (Figure 7), which may have been caused by the changes in erosive rainfall amount (e.g., the rainfall amount of Type I was the highest at the event scale and the lowest at the annual scale), indicating that the main factors determining the runoff of different the rainfall types in the study area were cumulative rainfall and rainfall frequency [55]. Rainfall type significantly affected R but not RC (Table 7), further confirming this finding, which was similar to previous studies [17,56]. In contrast, the average S value of Type II was still the highest at the event scale, indicating that the soil erosion of different rainfall types was mainly affected by rainfall intensity [15].



Significantly, the single rainfall R and S values of the different rainfall types were affected differently by the main rainfall characteristics (Figure 9). Because the Im and I30 values of short-duration rainfall were more representative of the rainfall intensity of the whole rainfall process, the rainfall intensity had a significant impact on the single rainfall R and S values with moderate and short-duration rainfall (Type II, Type III). This effect increased with the decrease in Im (Figure 9), which was contrary to the finding of Niu et al. [57]. Against the background of abundant rainfall (when the rainfall intensity was low), the runoff was low and the energy was not sufficient to initiate the movement of soil particles. Only pre-detached soil particles were transported by shallow surface runoff [11], so, in this process, raindrop splash erosion had a great impact on runoff and soil erosion.




4.3. Combination Effects of Land Use and Rainfall on Runoff and Soil Erosion


Land use and rainfall have a combination effect on runoff and soil erosion [14,57]. This study found that the combination effects of land use and rainfall type had a significant impact on the annual average R, S, and SLC (Table 7). The annual average R, S, RC, and SLC values under the different rainfall types followed the same trend (CK > GL, AL, FL3 > FL4 > OL, FL1, FL2), which indicated that the characteristics of runoff and soil erosion were mainly determined by land use, while the effect of the rainfall type was slight [14]. However, rainfall type greatly changed the distribution characteristics of runoff and soil erosion at the event scale (Figure 7 and Figure 8). The runoff and soil erosion distributions in different land uses had different responses to rainfall type. Specifically, the highest single rainfall R and S values of different rainfall types appeared in different land uses (except for bare land). Tillage, weeding, and harvesting practices have a great impact on the surface structure of the soil [58]; thus, there may be higher soil surface roughness and soil infiltration in cropland, which prevents runoff generation and increases runoff resistance [59]. Nevertheless, the raindrop median diameter and kinetic energy under high intensity rainfall may be much higher than those under other rainfall events [15], leading to more detachment of soil particles from loose soil. Therefore, under Type II, the single rainfall S value of cropland may be much higher than that of other land uses, while under other rainfall types, it may be easier to generate flow paths on the soil surface in FL3, which is also reflected by the annual average RC and SLC values.



Land use changes the process of rainfall-induced soil erosion and changes the relationships between runoff, soil erosion, and rainfall characteristics. Fang [43] found that soil and water conservation measures, such as vegetation (grass, shrubs, and forest), terracing, and level benching, changed the rainfall impact factors of runoff and soil erosion on cultivated plots from I30 to rainfall amount and duration. In this study, a single rainfall indicator could not accurately describe the rainfall threshold of runoff and sediment generation in land uses with abundant vegetation (with high MI values). Pearson correlation analysis showed that, under Types II and III, the correlation between soil erosion and rainfall characteristics weakened with increasing vegetation coverage (Figure 9) because the rainfall amount, rainfall kinetic energy, and raindrop splash that ultimately reached the soil surface changed due to the interception of vegetation [8]. This result was in accordance with the findings of Liu et al. [60]. The distribution of the RRS of the seven typical land uses changes with the different rainfall types because the trade-offs between runoff and soil erosion are not inherent in land use, and they can be changed by rainfall [4,51]. Under Type I, there was a high runoff cost of reducing the soil loss of grassland, cropland, and forest with low vegetation coverage; that is, continuous rainfall may lead to a decrease in the effectiveness of these land uses in reducing soil erosion. Moreover, the mean value and distribution of RRS in different land uses indicates that the vegetation patterns of OL, FL1, and FL2 may be a great choice for controlling water erosion in the study area.



In general, the runoff and soil erosion of grassland, cropland, and forest with low vegetation coverage were more sensitive to rainfall variation. In the context of global climate change, rainfall patterns may change in the future [17,61], especially in humid areas, and the interaction between land use and rainfall type may potentially cause great changes in regional soil erosion characteristics. A soil erosion model that incorporates the interaction of factors has more convincing outputs than a model that arranges factors in isolation [62]. Ke and Zhang [21] also confirmed this assumption in their research on the effects of rainfall and soil factors on runoff, erosion, and their predictions. Consequently, investigating the combination effects of land use and rainfall on runoff and soil erosion in the red soil region can help develop strategies for land use management and ecological restoration in response to climate change. However, soil erosion is driven by a combination of topography, climate, land use practices, and vegetation and soil characteristics [63]. Climate and land use practices largely determine the vegetation characteristics of a land unit, and both land use and vegetation can influence soil physicochemical properties [64]. At present, there is still a lack of understanding of the cascading interaction effects of regional climate, vegetation, and soil-on-soil erosion [63]. Similarly, in this study, due to the lack of annual information on soil and vegetation (such as biomass and litter), the underlying mechanisms of runoff and soil erosion changes in different land uses were not fully explored. Therefore, it is necessary to continuously monitor the soil physicochemical properties and vegetation characteristics of different land uses. Additionally, unpredicted extreme precipitation events may increase with global warming [20], and these precipitation events can significantly increase soil erosion, concurrently creating conditions conducive to triggering natural disasters such as landslides and mudslides [65]. Unfortunately, this study was unable to explore the characteristics of water erosion on different land use slopes under the extreme rainfall events due to their extremely rare occurrence (Type IV). To deepen the understanding of soil erosion caused by extreme rainfall and enhance the ability to cope correctly with the impacts of climate extremes, runoff and soil erosion data under such rainfall events should be collected as much as possible by extending the monitoring time in the future.





5. Conclusions


The long-term in situ effects of land use and rainfall type on water erosion in the red soil region of southern China were determined in this study. From 2015 to 2020, the 320 rainfall events were divided into 4 types, and 3 main types of rainfall were observed. Rainfall type and land use significantly influenced the annual average runoff depth, soil erosion modulus, and soil loss coefficient, while the runoff coefficient was significantly affected only by land use. The runoff of different rainfall types was primarily determined by the rainfall amount, while the soil erosion of different rainfall types was primarily determined by the rainfall intensity. Consequently, high-intensity and high-frequency rainfall (Type II) contributed the most to both total runoff and soil erosion, but long-duration rainfall (Type I) had the highest runoff at the event scale. Compared with bare land, the seven typical land uses reduced runoff and soil erosion by more than 75%. The differences in runoff and soil erosion among different land uses (except grassland) can be mainly attributed to vegetation coverage. Shrubland most effectively reduced runoff and soil erosion, while the runoff and soil erosion of grassland, cropland, and forest with low vegetation coverage were relatively high.



The combination effects of land use and rainfall type significantly influenced the annual average runoff depth, soil erosion modulus, and soil loss coefficient. Rainfall types can change the relationship between runoff and soil erosion for different land uses. The runoff and soil erosion of bare land were highly correlated with the rainfall characteristics, while vegetation clearly weakened this relationship under short- or moderate-duration rainfall (Types II and III). Overall, the runoff and soil erosion of grassland, cropland, and low vegetation coverage forests were more sensitive to rainfall type. To effectively reduce water erosion, high-intensity rainfall should receive special attention and all land uses should ensure that vegetation is well developed, especially understory vegetation. The results provide guidance for land use management and soil erosion control in the red soil region.
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Figure 1. Zhuxi watershed, location of runoff plots in the Soil and Water Conservation Center of Changting, and runoff plots. 






Figure 1. Zhuxi watershed, location of runoff plots in the Soil and Water Conservation Center of Changting, and runoff plots.



[image: Water 16 01076 g001]







[image: Water 16 01076 g002] 





Figure 2. Rainfall characteristics in the study area. (a) Annual rainfall and erosive rainfall from 2015 to 2020 in the study area. (b) Monthly average rainfall and erosive rainfall from 2015 to 2020 in the study area. 
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Figure 3. Annual runoff depth (a) and soil erosion modulus (b) in different plots. Notes: R indicates the annual runoff depth (mm), and S indicates the annual soil erosion modulus (t/hm2). 
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Figure 4. Annual average runoff depth (a) and soil erosion modulus (b) in different plots. Notes: R indicates the annual average runoff depth (mm), and S indicates the annual average soil erosion modulus (t/hm2). Different capital letters indicate that differences were significant between different land uses and bare land; different lowercase letters indicate that differences were significant between different land uses. 
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Figure 5. Total erosive rainfall (a), runoff depth (b), and soil erosion modulus (c) under different rainfall types in the different plots. Notes: R indicates the total runoff depth (mm), and S indicates the total soil erosion modulus (t/hm2). 
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Figure 6. RSS of different land uses under rainfall Types I, II, and III. Notes: different lowercase letters indicate that differences were significant between different land uses. 
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Figure 7. Single rainfall runoff depth (R) distribution of different land uses under rainfall Types I, II, and III. 
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Figure 8. Single rainfall soil erosion modulus (S) distribution of different land uses under rainfall Types I, II, and III. 
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Figure 9. Relationships between the rainfall characteristics and single rainfall runoff and soil erosion in different plots. Notes: R indicates the single rainfall runoff depth (mm), and S indicates the single rainfall soil erosion modulus (t/hm2). “*” indicates a significant correlation between R (S) and rainfall characteristics at the 0.05 level; “**” indicates a significant correlation between the R (S) and rainfall characteristics at the 0.01 level. 






Figure 9. Relationships between the rainfall characteristics and single rainfall runoff and soil erosion in different plots. Notes: R indicates the single rainfall runoff depth (mm), and S indicates the single rainfall soil erosion modulus (t/hm2). “*” indicates a significant correlation between R (S) and rainfall characteristics at the 0.05 level; “**” indicates a significant correlation between the R (S) and rainfall characteristics at the 0.01 level.



[image: Water 16 01076 g009]







 





Table 1. Basic soil information of the experimental plots in 2015.






Table 1. Basic soil information of the experimental plots in 2015.





	
Plot

	
Soil Bulk Density (g/cm3)

	
pH

	
Soil Organic Matter

(%)

	
Soil Particle Composition (%)




	
0–0.001

	
0.001–0.01

	
0.01–0.05

	
0.05–1






	
CK

	
1.54

	
4.44

	
0.15

	
4.52

	
25.66

	
34.09

	
35.73




	
GL

	
1.27

	
4.78

	
0.30

	
3.48

	
26.95

	
37.12

	
32.45




	
AL

	
1.68

	
4.35

	
0.18

	
3.28

	
34.43

	
31.24

	
31.05




	
OL

	
1.43

	
4.30

	
0.34

	
2.45

	
28.86

	
35.58

	
33.11




	
FL1

	
1.35

	
4.09

	
0.29

	
2.52

	
29.62

	
32.33

	
35.53




	
FL2

	
1.46

	
4.17

	
0.27

	
2.96

	
28.05

	
36.28

	
32.71




	
FL3

	
1.31

	
4.54

	
0.40

	
2.87

	
26.11

	
37.22

	
33.80




	
FL4

	
1.36

	
4.04

	
0.28

	
2.73

	
23.38

	
38.11

	
35.78











 





Table 2. Basic information on the vegetation of the experimental plots.






Table 2. Basic information on the vegetation of the experimental plots.





	
Plot

	
Tree

	
Undergrowth Vegetation




	
Species

	
Height

(cm)

	
Basal Diameter

(cm)

	
Crown Diameter

(cm)

	
Canopy Density

(%)

	
Types

	
Species

	
Coverage

(%)

	
Height

(cm)

	
Coverage × Height






	
CK

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--




	
GL

	
--

	
--

	
--

	
--

	
--

	
Herbaceous

	
Paspalun notatum

	
86 ± 11.34

	
6.5 ± 0.67

	
--




	
AL

	
--

	
--

	
--

	
--

	
--

	
Crops

	
Sweet potato

	
64 ± 2.64

	
14 ± 0.98

	
--




	
OL

	
Myrica rubra

	
365 ± 3.50

	
8.9 ± 0.20

	
293 ± 1.67

	
47 ± 5.16

	
Herbaceous

	
Dicranopteris dichotoma, Cynodon dactylon

	
70 ± 19.77

	
24 ± 2.32

	
1715 ± 233.64 b




	
FL1

	
--

	
--

	
--

	
--

	
--

	
Shrub

Herbaceous

	
Paspalum wettsteinii, Lespedeza bicolor

	
85 ± 12.99

	
37 ± 19.97

	
3315 ± 867.14 a




	
FL2

	
Liquidambar formosana, Schima superba

	
668 ± 6.83

	
6.1 ± 0.48

	
326 ± 3.25

	
65 ± 8.37

	
Shrub

Herbaceous

	
Miscanthus floridulus, Lespedeza bicolor

	
82 ± 25.69

	
15 ± 1.04

	
1224 ± 170.50 b




	
FL3

	
Pinus massoniana

	
743 ± 5.67

	
5.8 ± 0.25

	
392 ± 1.55

	
65 ± 8.37

	
Herbaceous

	
Paspalum wettsteinii

	
13 ± 1.56

	
5.2 ± 0.64

	
--




	
FL4

	
Pinus massoniana

	
777 ± 6.06

	
11.6 ± 0.58

	
499 ± 5.50

	
52 ± 13.29

	
Shrub

Herbaceous

	
Paspalum wettsteinii, Lespedeza bicolor

	
75 ± 23.00

	
24 ± 1.97

	
1859 ± 267.80 b








Notes: CK—bare land; GL—grassland; AL—cropland; OL—orchard; FL1—shrubland; FL2—broad-leaved forest; FL3—Pinus massoniana forest; FL4—Pinus massoniana and shrub forest. Similarly, hereinafter. All vegetation characteristic indicators are the mean values of 6 years (2015–2020). The product of the height and coverage of the undergrowth vegetation (OL, FL1, FL2, and FL4) was calculated to evaluate the aboveground biomass of the low layers of vegetation; different lowercase letters indicate that differences were significant between different land uses. “--” indicates no data or not applicable.













 





Table 3. Runoff coefficient (RC) and soil loss coefficient (SLC) in different plots.






Table 3. Runoff coefficient (RC) and soil loss coefficient (SLC) in different plots.





	
Variables

	
Time Scales

	
CK

	
GL

	
AL

	
OL

	
FL1

	
FL2

	
FL3

	
FL4






	
RC

%

	
Annual

	
0.566 ± 0.149 A

	
0.088 ± 0.022 Ba

	
0.094 ± 0.050 Ba

	
0.021 ± 0.012 Bb

	
0.014 ± 0.009 Bb

	
0.028 ± 0.014 Bb

	
0.118 ± 0.056 Ba

	
0.035 ± 0.016 Bb




	
Type I

	
0.505 ± 0.148 A

	
0.075 ± 0.030 Bab

	
0.077 ± 0.026 Bab

	
0.019 ± 0.017 Bc

	
0.014 ± 0.014 Bc

	
0.032 ± 0.024 Bbc

	
0.110 ± 0.062 Ba

	
0.026 ± 0.017 Bbc




	
Type II

	
0.544 ± 0.093 A

	
0.102 ± 0.030 Ba

	
0.114 ± 0.083 Ba

	
0.023 ± 0.015 Bb

	
0.015 ± 0.008 Bb

	
0.036 ± 0.018 Bb

	
0.126 ± 0.060 Ba

	
0.045 ± 0.024 Bb




	
Type III

	
0.476 ± 0.100 A

	
0.077 ± 0.036 Bab

	
0.068 ± 0.031 Bab

	
0.014 ± 0.007 Bc

	
0.011 ± 0.008 Bc

	
0.019 ± 0.010 Bc

	
0.109 ± 0.060 Ba

	
0.033 ± 0.017 Bbc




	
SLC

t·km−2·mm−1

	
Annual

	
4.050 ± 1.983 A

	
0.203 ± 0.260 Bb

	
0.527 ± 0.415 Ba

	
0.034 ± 0.032 Bb

	
0.039 ± 0.027 Bb

	
0.042 ± 0.029 Bb

	
0.281 ± 0.131 Bab

	
0.063 ± 0.029 Bb




	
Type I

	
2.946 ± 1.213 A

	
0.052 ± 0.081 Bb

	
0.197 ± 0.081 Ba

	
0.016 ± 0.007 Bb

	
0.017 ± 0.008 Bb

	
0.018 ± 0.004 Bb

	
0.235 ± 0.097 Ba

	
0.033 ± 0.034 Bb




	
Type II

	
5.760 ± 2.207 A

	
0.289 ± 0.431 Bab

	
0.691 ± 0.658 Ba

	
0.047 ± 0.034 Bb

	
0.056 ± 0.034 Bb

	
0.073 ± 0.049 Bb

	
0.391 ± 0.207 Bab

	
0.081 ± 0.035 Bb




	
Type III

	
3.342 ± 1.524 A

	
0.136 ± 0.229 Bab

	
0.300 ± 0.128 Ba

	
0.022 ± 0.014 Bb

	
0.033 ± 0.021 Bb

	
0.026 ± 0.014 Bb

	
0.267 ± 0.105 Ba

	
0.047 ± 0.024 Bb








Notes: different capital letters indicate that differences were significant between different land uses and bare land; different lowercase letters indicate that differences were significant between different land uses.













 





Table 4. Thresholds of runoff- and soil erosion-generating rainfall in the different land uses.






Table 4. Thresholds of runoff- and soil erosion-generating rainfall in the different land uses.





	
Land Use

	
Project

	
P (mm)

	
Im (mm·h−1)

	
I30 (mm·h−1)

	
EI30 (MJ·mm·hm−2·h−1)




	
Threshold

	
MI

	
Threshold

	
MI

	
Threshold

	
MI

	
Threshold

	
MI






	
GL

	
R

	
11.00

	
0.23

	
1.20

	
0.21

	
8.06

	
0.23

	
21.86

	
0.26




	
S

	
12.20

	
0.26

	
1.20

	
0.23

	
8.18

	
0.27

	
28.10

	
0.28




	
AL

	
R

	
11.80

	
0.21

	
1.10

	
0.17

	
7.10

	
0.19

	
18.07

	
0.20




	
S

	
12.00

	
0.21

	
1.00

	
0.17

	
6.00

	
0.16

	
17.28

	
0.24




	
OL

	
R

	
11.00

	
0.31

	
1.10

	
0.36

	
8.06

	
0.34

	
25.40

	
0.28




	
S

	
8.50

	
0.39

	
0.90

	
0.38

	
5.30

	
0.38

	
13.50

	
0.33




	
FL1

	
R

	
12.20

	
0.39

	
1.10

	
0.47

	
6.04

	
0.46

	
19.65

	
0.37




	
S

	
9.20

	
0.46

	
0.70

	
0.54

	
4.06

	
0.53

	
12.27

	
0.44




	
FL2

	
R

	
12.50

	
0.46

	
1.40

	
0.49

	
8.06

	
0.49

	
25.40

	
0.42




	
S

	
8.50

	
0.57

	
0.90

	
0.58

	
5.03

	
0.58

	
13.06

	
0.51




	
FL3

	
R

	
11.00

	
0.20

	
1.10

	
0.18

	
6.04

	
0.20

	
17.07

	
0.23




	
S

	
9.60

	
0.19

	
0.90

	
0.17

	
5.03

	
0.18

	
12.96

	
0.19




	
FL4

	
R

	
11.00

	
0.24

	
1.20

	
0.23

	
6.04

	
0.24

	
13.06

	
0.23




	
S

	
8.50

	
0.27

	
0.90

	
0.23

	
5.00

	
0.23

	
10.50

	
0.24








Notes: P—rainfall; T—rainfall duration; Im—average rainfall intensity; I30—maximum rainfall intensity in 30 min; EI30—rainfall erosivity; IM—mixing index. Similarly, hereinafter.













 





Table 5. Characteristics of different rainfall types.






Table 5. Characteristics of different rainfall types.





	
Rainfall Type

	
No.

	
Variables




	
T (min)

	
P (mm)

	
Im (mm/h)

	
I30 (mm/h)

	
EI30 (MJ·mm·hm−2·h−1)






	
Type I

	
24

	
2220.00 ± 785.90 A

	
83.60 ± 23.80 A

	
2.65 ± 1.36 B

	
28.28 ± 17.26

	
584.71 ± 518.68 A




	
Type II

	
218

	
376.35 ± 270.06 C

	
16.71 ± 9.33 C

	
5.76 ± 8.03 A

	
21.65 ± 43.11

	
102.09 ± 168.33 B




	
Type III

	
74

	
1367.57 ± 544.03 B

	
33.43 ± 15.38 B

	
1.86 ± 1.50 B

	
15.87 ± 15.91

	
160.65 ± 245.87 B




	
Type IV

	
4

	
1317.50 ± 406.95

	
34.75 ± 18.80

	
7.81 ± 4.14

	
1317.50 ± 406.95

	
57.82 ± 56.00








Notes: different capital letters indicate that differences were significant between the 3 main rainfall types (Types I, II, and III).













 





Table 6. Relationships between runoff and soil erosion in different plots under the 3 rainfall types.






Table 6. Relationships between runoff and soil erosion in different plots under the 3 rainfall types.





	
Plot

	
Type I

	
Type II

	
Type III




	
Regression Function

	
R2

	
p

	
Regression Function

	
R2

	
p

	
Regression Function

	
R2

	
p






	
CK

	
S = 0.053R1.010

	
0.563

	
<0.01

	
S = 0.111R1.019

	
0.472

	
<0.01

	
S = 0.005R1.757

	
0.578

	
<0.01




	
GL

	
S = 0.006R0.567

	
0.352

	
<0.01

	
S = 0.019R0.998

	
0.146

	
<0.01

	
S = 0.010R0.902

	
0.149

	
<0.01




	
AL

	
S = 0.037R0.840

	
0.738

	
<0.01

	
S = 0.040R1.241

	
0.503

	
<0.01

	
S = 0.053R0.756

	
0.641

	
<0.01




	
OL

	
S = 0.012R0.225

	
0.284

	
<0.01

	
S = 0.016R0.498

	
0.425

	
<0.01

	
S = 0.010R0.109

	
0.523

	
<0.01




	
FL1

	
S = 0.015R0.674

	
0.902

	
<0.01

	
S = 0.027R0.692

	
0.518

	
<0.01

	
S = 0.020R0.467

	
0.412

	
<0.01




	
FL2

	
S = 0.012R0.341

	
0.930

	
<0.01

	
S = 0.019R0.456

	
0.542

	
<0.01

	
S = 0.011R0.006

	
0.606

	
<0.01




	
FL3

	
S = 0.040R0.733

	
0.554

	
<0.01

	
S = 0.039R0.775

	
0.645

	
<0.01

	
S = 0.033R0.782

	
0.697

	
<0.01




	
FL4

	
S = 0.014R0.328

	
0.460

	
<0.01

	
S = 0.020R0.540

	
0.438

	
<0.01

	
S = 0.013R0.957

	
0.582

	
<0.01











 





Table 7. Effects of land use and rainfall type on runoff and soil erosion.
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Factors

	
R

	
S

	
RC

	
SLC




	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Land use

	
38.259

	
<0.01

	
26.378

	
<0.01

	
164.753

	
<0.01

	
80.672

	
<0.01




	
Rainfall type

	
6.043

	
<0.01

	
7.510

	
<0.01

	
2.636

	
0.076

	
7.367

	
<0.01




	
Land use × Rainfall type

	
1.867

	
<0.05

	
4.845

	
<0.01

	
0.272

	
0.996

	
3.814

	
<0.01











 





Table 8. Partial meta-analysis results of runoff and soil erosion under different land uses.






Table 8. Partial meta-analysis results of runoff and soil erosion under different land uses.





	
Region

	
Rainfall

(mm)

	
Runoff (mm)

	
Soil Erosion (t·km−2·a−1)

	
Reference




	
BL

	
AL

	
SL

	
GL

	
OL

	
FL

	
BL

	
AL

	
SL

	
GL

	
OL

	
FL






	
China

	
--

	
129.1

	
66.6

	
--

	
72.4

	
90.0

	
45.2

	
5435

	
2678

	
--

	
644

	
820

	
151

	
Zhao et al., 2022 [36]




	
Loess Plateau, China

	
Cold and arid regions

	
175.4

	
67.1

	
57.4

	
12.2

	
8.3

	
--

	
17.4

	
8740

	
5440

	
680

	
1930

	
--

	
1120

	
Zhang et al., 2021 [37]




	
Semi-arid region

	
348.2

	
93.7

	
97.2

	
18.6

	
10.4

	
--

	
29.3

	
10,520

	
5580

	
2070

	
1960

	
--

	
2670




	
Semi-humid region

	
537.5

	
127.6

	
124.5

	
26.7

	
12.8

	
--

	
34.9

	
13,410

	
7690

	
2340

	
2410

	
--

	
3560




	
Red soil region, China

	
1300–2000

	
434.1

	
110.9

	
214.2

	
152.0

	
110.9

	
164.0

	
6165

	
1428

	
607

	
605

	
1649

	
1175

	
Chen et al., 2021 [23]




	
1695.5

	
714.3

	
122.6

	
11.3

	
114.1

	
22.4

	
18.1–165.7

	
6153

	
596

	
30

	
178

	
31

	
27–316

	
Present study








Notes: all data in the table are annual average values of the studies (BL—bare land; AL—cropland; SL—shrubland; GL—grassland; OL—orchard; FL—forest). “--” indicates no data or not applicable.
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