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Water and soil losses from sloping farmlands potentially contribute to water eutrophication and land degradation. However, few studies explored the combined effects of ridge direction and ridge width on surface runoff and soil losses of sloping farmlands. Twenty-seven experimental plots (8 m long and 4 m wide) with nine treatments (three ridge direction: cross ridge, longitudinal ridge, and oblique ridge; and three ridge width: 40, 60, and 80 cm) were adopted under natural rainfall conditions for two years in the Luanhe River Basin of China. Results indicated that ridge direction had significant effects on runoff and sediment yield (p < 0.05). The ridge width had no significant effect on runoff and sediment yield. No significant interaction effect was found between ridge direction and width on runoff and sediment yield of the sloping farmland based on statistical analyses. Compared with cross-ridge (CR) tillage and oblique-ridge (OR) tillage, longitudinal-ridge (LR) tillage significantly decreased runoff by 78.9% and 64.9% and soil losses by 88.2 and 83.5%, respectively (p < 0.05). The effects of ridge directions on runoff and sediment yield were related to rainfall grade. When the rainfall grade reached rainstorm, the runoff yield under CR, LR, and SR had significant differences (p < 0.05). The runoff under LR and OR treatment was 5.16 and 3.3 times, respectively, of that under CR. When the rainfall level was heavy rain or rainstorm, the sediment yield under LR was significantly greater than that under CR. The sediment yield was 13.45 times of that under CR. Cross-ridge tillage with a ridge width of 40 cm is an optimally effective measure of soil and water conservation on sloping farmland in arid and semiarid regions of China.
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INTRODUCTION
As a valuable land resource, sloping farmland occupies an important position in hilly agricultural areas. Nonetheless, soil erosion on sloping farmland caused by unreasonable farming methods is frequently reported as a threat to water quality and land degradation (Pimentel, 2006; Zuazo and Pleguezuelo, 2008; Zhao et al., 2015; Fang et al., 2017; Yu et al., 2020). Ridge tillage can affect roughness of soil surface: change flow velocity, water infiltration time, the infiltration process, and the runoff process. Thereby, the surface runoff and sediment yield are influenced by ridge tillage. The key parameters of ridge tillage are ridge direction and ridge geometry indices (ridge height and ride width). The influence of ridge direction on surface runoff and sediment yield has been studied a lot. However, the combined influence of ridge direction and ridge width on surface runoff and sediment yield has not been deeply studied.
Ground surface characteristics are a key factor influencing the magnitude of runoff and soil erosion on sloping farmland (Wei et al., 2014; Zhou et al., 2016). Ridge tillage is an agricultural practice which is widely used globally due to low cost and input. Ridge direction and ridge geometry indices (ridge height and ridge width) are important parameters which influence the reduction effect of water and sediment (Wischmeier and Smith, 1978; Renard et al., 1997; USDA-ARS, 2008). The studies of the influence of the ridge direction on runoff and sediment were almost focused on the comparison among cross-ridge tillage, longitudinal-ridge tillage, and conservation tillage. Cross-ridge tillage that plants crops on the contour has many advantages in reducing runoff and sediment yield (Hu et al., 2013). 49 % of runoff and 97% of sediment were lessened by cross-ridge tillage under heavy rainfall compared with the control group based on field experiment in southern China (Dai et al., 2018). Grum et al. (2017) showed that runoff in tied cross-ridge tillage was significantly reduced by 65% compared with normal agricultural practices in northern Ethiopia. Xia et al. (2015) also pointed out that cross-ridge tillage could reduce runoff and sediment yield by 30.1 and 27.6%, respectively, in the Three Gorges area of China. In eastern Scotland, modified sediment fence pinned to a contour fence near the base of a potato field was found to be effective to retain sediment (Vinten et al., 2013). Contour ridge decreased erosion by slowing down runoff flow velocity (Guo et al., 2019). Crop leaves can intercept rainfall, roots can consolidate the cross-ridge, and cross-ridge can retain rainfall by establishing contour lines on sloping cropland (Yang et al., 2013; Liu et al., 2018). In addition, cross-ridge tillage in South Korea, England, and Italy was superior to traditional farming and longitudinal-ridge tillage in reducing runoff and sediment (Chisci and Boschi, 1988; Stevens et al., 2009; Arnhold et al., 2013). At present, few studies investigated the effect of ridge width on runoff and sediment yield in sloping farmland. The indoor control experiments showed that the ridge width had a significant effect on runoff and sediment yield in cross-ridge tillage (Liu et al., 2014a). There is a lack of research on the combined effects of ridge direction and ridge width on runoff and sediment yield in field experiments.
According to the second national land survey, there are approximately 30% of the agricultural croplands with a slope above 6°, which need soil management measures to prevent soil erosion. Previous studies evaluating tillage impact on runoff and sediment yield were mostly focused on south China (Guo et al., 2019). Few studies have paid attention on the semiarid and semi-humid areas of North China. In this study, the Luanhe River Basin was selected as the research area. Three ridge directions and ridge widths were set up for field experiments to analyze the effects of ridge direction and width on runoff and sediment yield. The purposes of this study are as follows: 1) analyzing the influence of ridge direction and ridge width on runoff and sediment yield and 2) analyzing the relationship among precipitation, runoff, and sediment yield under different ridge layouts and rain grades, so as to provide technical support for water and soil conservation of sloping farmland in arid and semiarid areas of China.
MATERIALS AND METHODS
Study Area
The Luanhe River Basin is a first-degree tributary of the Haihe River Basin. The basin is located within 115°34′E–119°50′E and 39°02′N–42°43′N, which also lies in the northeastern part of North China (Figure 1). This area typically has a temperate semi-humid and semiarid continental monsoon climate, which is rainy and hot in summer and cold and dry in winter (Wang et al., 2015). The mean annual air temperature is 7.8 °C. The annual average precipitation is 538.5 mm. As the main land use form in the Luanhe River Basin, the area of dry land is 26.27% of the total area of the basin. Sloping farmland with a slope between 3 and 15° accounted for 89% of dry land. Spring maize and potato are important crops in slope farmland of the Luanhe River Basin (Hebei Province. 2018). Water and soil erosion of sloping farmland that happens during June–September is an urgent problem, which causes nonpoint source pollution and soil quality decline.
[image: Figure 1]FIGURE 1 | Study area and the location of the experiment site.
Experimental Design
Based on spatial processing of DEM data and field investigation, the slope of the sloping farmland in the Luanhe River Basin is between 5° and 15°. The types of ridge tillage are mainly longitudinal-ridge tillage (LR) and cross-ridge tillage (CR). The ridge height is between 8 and 15 cm, and the ridge width is usually 60 cm. Based on the above, our study selected a typical sloping farmland with a slope of 10° to carry out in situ observation experiments. Three ridge directions (CR, LR, and oblique-ridge (OR) tillage) and three ridge widths (40, 60, and 80 cm) were analyzed in this study. Three × three treatments were set up with three replications. Twenty-seven field plots separated by aluminum composite plates were set up. We found that the soil depth of sloping farmland in the Luanhe River Basin is about 100 cm (Liu et al., 2021). The aluminum plastic plate was buried vertically 100 cm beneath the ground and 20 cm above the soil surface of each side of the plots to avoid water exchange. The size of each experimental plot was 32 m2 (8 m × 4 m) according to the local field size. To collect the surface runoff and sediments under rainfall events, a tray was constructed at the bottom of each plot. Two tanks were set up in the trend for each plot. A water level gauge was installed in two 80-L tanks used to measure the volume of runoff for each rainfall event of each plot.
Before ridge pillaging, the plots were prepared to ensure that the slope of each plot is consistent. After that, ridges were arranged from bottom of the plots according to the designed ridge layout. Spring maize (Zea mays L) was evenly planted on the ridge at 25 cm intervals. According to the ridge width, the maize planting density was 10 plants/m2 (40 cm ridge width), 6.7 plants/m2 (60 cm ridge width), and 5 plants/m2 (80 cm ridge width). The design details for different experimental plots are presented in Figure 2. All the tests were conducted in the growing season of spring maize. The experiment was conducted from April to October in 2019 and 2020.
[image: Figure 2]FIGURE 2 | The experimental plots and corresponding devices. (A) Experimental plots for measurement of runoff and sediment yield in different ridge tillage systems, (B) runoff and sediment collecting tray, (C) runoff and sediment collect tank, (D) ridge direction and ridge width, and (E) growth process of spring maize.
Rainfall, Runoff, and Sediment Yield Measurement
An SM-1 rain gauge with a diameter of 20 cm was used to observe precipitation, which was installed at the four corners and the center of the experimental site. Precipitation was continuously recorded every hour, and the average value of five gauges was taken as the precipitation of this period until the end of rainfall. The water level of the tank was multiplied by the bottom area to obtain the runoff volume of the rainfall events. The supernatant was removed, and the residual water and sediments were dried in the oven at 105 °C for 48 h to obtain the sediment amount in each experimental plot (Guo et al., 2019).
Runoff depth, runoff sediment concentration, and sediment yield were used to reflect the influence of ridge tillage practice on runoff and sediment yield. The calculation methods of runoff depth, runoff sediment concentration, and sediment yield were as follows. Runoff depth = runoff volume/plot area, with a unit of mm. Runoff sediment concentration = sediment yield/runoff volume with a unit of g/L. Sediment yield = sediment amount/plot area with a unit of kg/hm2.
Data Analysis
Data were analyzed in IBM SPSS Statistics 18.0 and OriginPro 2019. Analysis of variance (one-way ANOVA) was used to test the significance of difference between treatment means for ridge direction and ridge width by SPSS 18.0 software (SPSS Inc., Chicago, United States) (Li and Wang, 2016). When the F value in the ANOVA analysis was statistically significant, a least significant difference test (p = 0.05) was used for the separation of means. The effects of ridge direction and ridge width on the runoff sediment concentration, yield of runoff, sediment for all experimental treatments, and interactions between these variables were tested by a multivariate analysis. Tukey’s test was used to identify the significant differences among the treatments at a significance level of p < 0.05. Linear regression analyses were used to evaluate the relationships among rainfall depth, runoff depth, and sediment yield (Dai et al., 2018).
RESULTS
Rainfall Events
Ninety-six rainfalls were observed during 2019 and 2020. The total rainfall amount was 591 mm. There was no surface runoff in the rainfall of less than 10 mm. There were 16 recorded rainfall events that produced surface runoff. In accordance with the classification standard of precipitation (GBT 28592-2012, 2012), six heavy rainfall events, seven large rainfall events, and three moderate rainfall events were recorded (Table 1). The rainfall depth under heavy rainfalls was 347.8 mm, which was 59% of the total rainfalls. The rainfall depth of large and moderate rainfall events contributed to 41% of the total rainfalls.
TABLE 1 | Rainfall characteristic for erosive events during the experiment.
[image: Table 1]Runoff Depth, Sediment Concentration, and Sediment Yield Under Different Treatments
The runoff depth was significantly affected by ridge direction (p < 0.05) (Figure 3). The average runoff depth in the CR treatment was lower than that of LR and OR by 78.7 and 65.5%, respectively. The difference of the runoff depth between CR and LR treatment was significant according to the one-way ANOVA test (p < 0.05). Ridge width had no significant effect on the runoff depth (Figure 3). The average runoff depth in the 60 cm ridge width treatment was lower than that of 40 and 80 cm by 9.1 and 17.5%, respectively. When the ridge width was 40 cm, the runoff depth in the CR treatment was lower than that of LR and OR by 89 and 84%, respectively. When the ridge width was 60 cm, the runoff depth in the CR treatment was lower than that of LR and OR by 86 and 74.8%, respectively. The differences of runoff depth between CR and LR treatment were significant under 40 and 60 cm ridge width, respectively (Figure 4). Significant difference was not found among CR, LR, and OR under the 80 cm ridge width. The runoff depth of CR was lower than that of LR and OR by 61.2 and 36.4%, respectively. There was no between-subjects effect of ridge direction and ridge width on the runoff depth.
[image: Figure 3]FIGURE 3 | Runoff depth under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 4]FIGURE 4 | Runoff depth under CR, LR, and OR and three ridge widths, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Ridge direction also had significant effects on sediment concentration in runoff (p < 0.05) (Figure 5). The average volume-weighted sediment concentration was the lowest under CR treatment, with a value of 8.2 g/L. The average volume-weighted sediment concentration under LR treatment was significantly higher than that of CR, with a value of 15.7 g/L. The average volume-weighted sediment concentration under OR treatment was 12.6 g/L. The average volume-weighted sediment concentration of LR under 60 cm ridge width increased significantly by 3.6 times than that of CR under 60 cm ridge width. The average volume-weighted sediment concentration of OR under 60 cm ridge width was higher than that of CR by 2.7 times under 60 cm ridge width. No significant differences were found in average volume-weighted sediment concentration among CR, LR, and OR under 40 cm or 80 cm ridge width. However, the average volume-weighted sediment concentration in runoff of LR and OR was still 1.05–1.75 times of the CR treatment (Figure 6). Ridge width had no significant effects on sediment concentration in runoff (Figure 4). 40 cm ridge width had the lowest sediment concentration, with a value of 10.8 g/L.
[image: Figure 5]FIGURE 5 | Runoff sediment concentration under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 6]FIGURE 6 | Runoff sediment concentration under CR, LR, and OR and three ridge widths, boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Ridge direction had significant effects on sediment yield (p < 0.05) (Figure 7). Compared with CR treatment, sediment yield increased by 11.3 and 5.4 times than that under LR and OR treatment, respectively. The difference of sediment yield was significant between CR and LR treatments (p < 0.05). When the ridge width was 60 cm, sediment yield was greatly affected by ridge direction. The sediment yield under LR and OR treatments was higher than that of CR by 35 and 13.8 times, respectively. No significant difference was found in sediment yield among CR, LR, and OR under 40 and 60 cm ridge width (Figure 8). The sediment yield of LR and OR was 5.7–12 times that of CR treatment. The sediment yield under 40 cm ridge width was the smallest, followed by 80 cm, and that under 60 cm ridge width was the largest. There was no significant difference in sediment yield under different ridge widths (Figure 7).
[image: Figure 7]FIGURE 7 | Sediment yield under different ridge directions (A) and ridge widths (B), and boxes labeled with different letters indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
[image: Figure 8]FIGURE 8 | Sediment yield under CR, LR, and OR and three ridge widths, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. 40, 60, and 80 cm represent 40 cm ridge width, 60 cm ridge width, and 80 cm ridge width, respectively.
Rainfall–Runoff–Sediment Relationship Under Different Ridge Directions
Significant correlation among rainfall, runoff depth, and sediment yield under the three ridge directions was found (Figure 9). The correlation coefficient between rainfall and runoff depth under cross-ridge tillage was the smallest and that between rainfall and runoff depth under longitudinal-ridge tillage was the largest. In the same rainfall event, the runoff depth and sediment yield under cross-ridge tillage was the smallest, that under longitudinal-ridge tillage was the largest, and that under oblique-ridge tillage was in the middle.
[image: Figure 9]FIGURE 9 | Linear regressions of rainfall, the runoff depth, and sediment yield under CR (cross-ridge tillage), OR (oblique-ridge tillage), and LR (longitudinal-ridge tillage). (A) Rainfall and the runoff depth, (B) rainfall and sediment yield, and (C) the runoff depth and sediment yield.
The Influence of Rainfall Pattern on Runoff Depth and Sediment Yield
Under different rainfall patterns, the influences of ridge direction on the runoff depth and sediment were different (Figures 10–12). When the rainfall pattern was moderate and large, the differences of the runoff depth and sediment yield among CR, LR, and OR were not significant. When the rainfall pattern was heavy, the runoff depth had significant differences among CR, LR, and OR. The runoff depth under LR and OR was 5.16 and 3.3 times of that under CR treatment, respectively, (Figure 10). The sediment yield of CR was significantly lower than that of LR when the rainfall pattern was heavy. The sediment yield under LR was 13.45 times of that under CR treatment (Figure 12).
[image: Figure 10]FIGURE 10 | Runoff depth of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
[image: Figure 11]FIGURE 11 | Sediment concentration of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
[image: Figure 12]FIGURE 12 | Sediment yield of CR, OR, and LR under different rainfall patterns, and boxes labeled with different letters within groups indicate significant differences at p < 0.05. CR, OR, and LR represent cross-ridge tillage, oblique-ridge tillage, and longitudinal-ridge tillage. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
Heavy rainfalls had the largest contribution to the runoff depth for all plots (Figure 13). In the CR tillage plots, the runoff depth under heavy rainfalls accounted for 58.72–70.72% of the total runoff depth during the experiment. In the OR tillage plots, heavy rainfalls contributed to 73.9–82.29% of the total runoff depth. The proportions of heavy rainfalls in the runoff depth were 73.42–74.83% under LR tillage. The sediment yields at OR and LR tillage plots were highest under heavy rainfalls, which accounted for 74.38–83.64% and 62.15–71.87% of the total sediment yield during the two years, respectively. Large rainfalls contributed to 48.46% of the sediment yield of the total sediment yield under CR tillage of 40 ridge width. The proportions of heavy rainfalls (46.64%) and large rainfalls (43.76%) in sediment yield were similar under CR tillage of 60 ridge width. The contributions of moderate rainfalls in the runoff depth and sediment yield were all below 10% for all plots.
[image: Figure 13]FIGURE 13 | Runoff depth (A) and sediment yield (B) of different treatments under different rainfall patterns, and CR-40, CR-60, and CR-80 represent cross-ridge tillage with 40, 60, and 80 cm ridge width, respectively. OR-40, OR-60, and OR-80 represent oblique-ridge tillage with 40, 60, and 80 cm ridge widths, respectively. LR-40, LR-60, and LR-80 represent longitudinal-ridge tillage with 40, 60, and 80 cm ridge widths, respectively. Moderate, large, and heavy represent moderate, large, and heavy rainfall patterns, respectively.
DISCUSSION
The Influence of Ridge Direction and Ridge Width on the Runoff Depth and Sediment Yield
Ridge direction affected the runoff depth significantly in sloping farmland. Compared with longitudinal-ridge tillage commonly used by the locals, cross-ridge tillage exhibited a runoff depth reduction of 78.9%. Compared with oblique-ridge tillage, cross-ridge tillage decreased the runoff depth by 64.9%. Field experiments showed that the runoff depth of cross-ridge tillage was significantly less than that of longitudinal-ridge tillage at four experiment sites in south hilly regions of China (Guo et al., 2019). The performances of cross-ridge tillage in reducing the runoff depth during heavy rainfalls in this study were similar with those of Guo’s result. Guo et al. (2019) pointed out that the ridges along contour lines form barriers to reduce the slope runoff depth from sloping farmland. Practices indicated that cross-ridge tillage could reduce the runoff depth and increase infiltration on sloping land compared with longitudinal-ridge tillage in north of China (Liu et al., 2010). By intercepting the runoff and decreasing the flow velocity, the water infiltration was increased, and then the surface runoff was reduced under cross-ridge tillage (Quinton and Catt, 2004; Yang et al., 2013). Crop roots also could consolidate the ridge to retain more water in the sloping farmland with the growth of crops (Liu et al., 2018).
Ridge direction also had a significant effect on sediment concentration and sediment yield (p < 0.05). The sediment yield of LR and OR was 12.3 and 6.4 times of that under CR tillage, respectively. Xu et al. (2018) reported that tillage systems with different direction ridges had different erosion processes. Under LR tillage, soil particles were gradually stripped from the top to the base of the ridge, and under the effect of runoff, small trench erosion was formed on the ridge (Liu et al., 2014a; Li et al., 2016; Liu et al., 2016; Shen et al., 2016). Under CR tillage, the “depression storage” in the furrows gradually increased (USDA-ARS, 2008; USDA-ARS, 2013; Liu et al., 2015). When the water volume crossed the ridge, runoff formed at the lowest point of the ridges, and destroyed the ridges and led to soil loss. If the ridge of CR tillage collapsed, a large amount of sediment was produced.
In this study, the observed rainfall and sediment yield data did not show the phenomenon of cross-ridge collapse. Therefore, the sediment yield of CR was much smaller than that of LR and OR. As the ridge of OR tillage was downward in the slope direction, the erosion effect of runoff flow on the ridges was similar to that of LR tillage. The sediment yield of OR tillage was in the range of CR—LR tillage. A heavy rainfall of 95 mm was observed on June 24, 2020. The rainfall flooded the road to the experiment site. No data about runoff and sediment were observed. During the process of clearing the sediment, it was found that the sediment of LR and OR is more than that of CR tillage although there was a certain damage for CR tillage plots. The results were consistent with the finding of Guo et al. (2019), Bu et al. (2008).
Few previous in situ experimental studies focused on the effects of ridge width on the runoff depth and sediment yield. As shown in this study, the ridge width has no significant effect on the runoff and sediment yield. Based on laboratory studies, Xu et al. (2018) found that when the rainfall depth was larger than 50 m/h, the microtopography and specification design of ridges are the key factors for cross-ridge tillage to reduce runoff and sediment loss. Under this circumstances, the geometric shape of the ridge plays a key role in rainfall and runoff generation. On June 24, 2020, the experiment site observed rainfall that could not measure the runoff and sediment, causing partial damage to the field ridges. The penetrating erosion ditches in the 40 cm width ridges were found, and no large erosion ditches were found in the 80 cm width ridges under CR tillage. Based on artificially simulated rainfall experiments, Liu et al. (2014b) demonstrated that there was a negative effect of ridge width on runoff and sediment yield under cross-ridge tillage. Different with Liu’s finding, 60 cm ridge width had the least sediment yield under CR tillage in our study. The difference of the results is due to less influence of indoor control experiment and more influence of in situ experiment. Considering that the in situ experiment is closer to the actual production active, the ridge width can be determined from the perspective of nutrient loss and crop yield (Wang et al., 2018; Liu et al., 2020). In this study, the runoff depth under CR tillage increased with the increase of ridge width. With the increase of the ridge width, the space between ridges, which is beneficial for storing water, decreased (Xu et al., 2018). The amount of stored water between ridges and the erosion prevention of the ridge reach a balance under 60 cm width ridge tillage.
Relationship Among Rainfall, Runoff Depth, and Sediment Yield
Many researchers have studied the relationships among rainfall, runoff depth, and sediment yield (Kothyari et al., 2004; Mathys et al., 2005; Wang et al., 2010; Liu et al., 2012; Dai et al., 2018). The relationships among them were mostly described by linear, exponential, and power functions. The results based on a field experiment by Liu et al. (2012) showed that there was a positive power function correlation between rainfall and the runoff depth. Field experiments conducted by Wang et al. (2010) found that the relationship between the runoff depth and sediment yield could be described by the exponential function. Linear correlation was found between the runoff depth and sediment loss by Kothyari’s study (Kothyari et al., 2004). In this study, correlation analysis showed a significant correlated relationship among rainfall, runoff depth, and sediment yield (p < 0.05). Figure 5 showed that rainfall was significantly positively correlated with the runoff depth and sediment yield. The runoff depth was significantly positively linearly correlated with sediment yield. The trend line showed that the runoff depth and sediment yield under the same rainfall increased when the ridge direction changed from CR to OR to LR.
The Influence of Rainfall Grade on the Runoff Depth and Sediment Yield
Rainfall is a main driving force for the runoff depth and sediment yield in rain-fed agriculture (de Lima and Singh, 2002; Wei et al., 2009; Sasal et al., 2010). Rainfall patterns had significant effects on the runoff depth and sediment yield (Zhang et al., 2016; Yang et al., 2018). The runoff depth and sediment yield of CR tillage were consistently less than those of OR and LR tillage under the same rainfall grade. The performance in reducing runoff and sediment yield of cross-ridge tillage was the best during heavy rainfall. As mentioned in 5.1, cross-ridge tillage formed barriers and decreased surface runoff from the plot. Moreover, Liu et al. (2010) also reported that cross-ridge tillage retain runoff compared with LR tillage. The cross-ridge could also effectively increase soil water infiltration and reduce runoff volume by intercepting the runoff and reducing the flow velocity (Quinton and Catt, 2004; Yang et al., 2013).
Comparing OR and LR tillage, the reduction effect of CR tillage on runoff and sediment yield was not significant under moderate and large rainfall. When the rainfall was heavy, the runoff depth and sediment yield under CR tillage were significantly less than those of OR and LR tillage. Most runoff depth and sediment yield for all plots except for CR at 40 cm ridge width occurred under heavy rainfall. The runoff proportion under heavy rainfalls varied from 58.73 to 82.29% for all plots. Except that large rainfall contributed 48.36% to sediment under CR at 40 ridge width, the contribution of heavy rainfall varied from 46.64 to 83.64% for other plots. The results were consistent with the previous study that heavy rainfall had the most effect on soil erosion (Sharma et al., 1993; van Dijk et al., 2002; Gao et al., 2005; Kinnell, 2005; Ran et al., 2012; Mohamadi and Kavian, 2015). The study of Wei et al. (2010) also pointed out that extreme rainfall causes severe soil erosion, for example, the rainfalls that happened on 15th July and 15th September caused 56% of the total soil loss. For the Luanhe River Basin, July and August are the months with the most frequent heavy rainfalls in the Luan River Basin. The government and farmers should pay more attention to this period when soil erosion is easy to occur.
The results of CR at 40 ridge width were different from those of other plots and previous studies, considering that the sediment yield of CR tillage was significantly lower than that of LR tillage under heavy rainfall. The reason may be that most of the heavy rain occurred during the jointing and heading stages of spring maize. At this time, spring maize roots were abundant, and there were a lot of aerial roots (Thidar et al., 2020), which could fix the soil of the ridge and reduce soil loss from the ridge.
At present, many studies are conducted on the runoff depth and sediment yield on sloping farmland in southern China (Dai et al., 2018; Guo et al., 2019). However, in the arid and semiarid areas of northern China, although the average annual rainfall is smaller than that in south China, the rainfall is concentrated from June to September, which can easily cause soil erosion on the sloping farmland. In this study, cross-ridge tillage was demonstrated to be an effective tillage method in reducing surface runoff and soil loss of sloping farmland in the northern regions of China.
CONCLUSION
Based on two-year in situ experiments, the effect of ridge direction and ridge width on the runoff depth and sediment yield was analyzed in sloping farmland of the Luan River Basin. The results showed the following:
1) Ridge direction had significant impacts on the runoff depth and sediment yield of sloping farmland (p < 0.05). The runoff depth and sediment under cross-ridge tillage (CR) were the least. Ridge width had no significant effect on the runoff depth and sediment yield. The runoff depth and sediment yield of 80 cm ridge width were the largest under CR and OR tillage. The runoff depth of 40 cm ridge width and the sediment yield of 60 cm ridge were the largest under LR tillage. There were no between-subjects effects of ridge direction and ridge width on the runoff depth and sediment yield.
2) When the rainfall pattern was heavy, ridge direction had a significant impact on the runoff depth and sediment yield (p < 0.05). The runoff depth of cross-ridge tillage was significantly less than that of longitudinal-ridge tillage and oblique-ridge tillage. When the rainfall pattern was moderate and large, ridge tillage had no significant effect on the runoff depth and sediment yield.
From the perspective of water conservation and soil conservation, cross-ridge tillage with 40 cm ridge width is the best tillage method for slope farming in the Luan River Basin. In order to study the effects of ridge direction and ridge width on the runoff depth and sediment yield at the watershed scale, a watershed-scale refined hydrological model should be built on the basis of this study.
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