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[bookmark: OLE_LINK3][bookmark: _GoBack]Abstract:The erosion mechanism on steep grass slopes is the basis and difficulty of grassland erosion model, but few related studies.The erosion mechanism on steep slopes covered by grass was studied by artificial rainfall experiments. Results showed the following: (1) The contributions of the Rω(reduction of stream power) and RK(reduction of soil erodibility) to the decreasing erosion modulus (REM) are 61.02% and 33.55%, respectively, totalling to 94.57%. This finding indicates that herbaceous vegetation decreases the interrill erosion mainly by decreasing the stream power.(2) The relationship between the Rω and grass cover, and phytyl cover can be described with logarithmic equations.The calculation under different rainfall intensities or slopes showed contribution rates of 82.86%-97.51% or 86.36%-97.51%, and1.48%-14.82% or 1.48%-20.44%. (3) The relationship between the RK androot volume (RV), and soil bulk density (SD) can be described with binary logarithmic equations.The calculation showed contribution rates of 73.61%-97.94, and 0.04%-0.22%. (4) In-depth analysis found the regulation effect of grass on stream power is mainly achieved by grass cover, and the regulation effect of grass on soil erodibility is mainly achieved by root volume. The research focus should be on the impact of vegetation layout, vegetation types, vegetation density, and soil properties on soil erosion under large-scale conditions.
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1. Introduction
Rangelands cover nearly half of the Earth’s land surface, especially locating in arid and semi-arid climates(Williams et al., 1968), and town development(Boubakari and Morgan.,1999).Interrill erosion are important erosion processes to model, because they can dominate on many undisturbed rangeland hillslopes with an adequate vegetation cover, which has long been recognised( Dongdong et al., 2018). So many erosion models, such as the Water Erosion Prediction Project, RHEM(Wei et al., 2007, 2008,2009) were the term used to account for interrill erosion. But it was not an optimum concept for applications to rangelands on steep slope for several reasons(Nouwakpo et al., 2016.). The mainly reason was that mechanism of interrill erosion reduction on rangeland was not still given full expain. Therefore, understanding the mechanism interrill erosion on rangelandis vital to develop interrill erosion models and equations that could be used to evaluate and control rangeland health (Pyke et al., 2002; Pellant et al., 2005).
In recent years, our understanding has not improved much.So many researchers proved that vegetation can reduce the impact force of water by reducing runoff (Wainwright et al., 2002; Rey, 2003; Puigdefabregas, 2005; Durán et al., 2006, 2008;Kimiti et al.,2017.) and raindrop kinetic energy (Durán et al., 2008), and increase soil resistance to erosion by increasing soil aggregate stability and cohesion and by stabilising the soil through the binding action of its roots (Gyssels et al., 2005; De Baets et al., 2007;Ren et al.,2017;Hao et al.,2020). However, no experiments have given systematic research so that our understanding is limited, especially under steep slope conditions(Li and Pan.,2018). The major objectives of this study are as follows: (1) To recognise the effects of grass characteristics on the Rω, RK;(2) To quantitatively analyse the effects of Rω, RK on the and REM.
2. Materials and methods
2.1. Test locations and soil
Experiments were conducted in the Simulation Rainfall Hall of the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau at the Institute of Soil and Water Conservation, Chinese Academy of Science and Ministry of Water Resources. The soil samples for testing were from Ansai County in the hinterland of the Loess Plateau (a typical region with hills and gullies). The air-dried samples were sieved through a 5-mm mesh to remove stones, grass and other debris from the soil. Ansai (109° 19′ E, 36° 51′ N) is located in northern Shaanxi Province and has a mean annual temperature of 8.8 °C and precipitation of 500 mm.
2.2. Equipment
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Experimental plots were constructed with metal frames of 1.4-m long by 1.2-m wide by 0.25-m deep; plot gradients could be adjusted using the movable base of the frame. A metal outlet at the lower end of each frame allowed the collection of runoff samples. At the bottom of each plot, 5 cm of natural sand was overlaid with permeable gauze to allow the drainage of infiltrated water. The soil was packed to a depth of 20 cm in four 5-cm layers at a bulk density of 1.2 g/cm3 (measured by a cutting ring in a compacted state). Before packing, the water content of the soil was adjusted to 14%, which is the typical level during the flood season on the Loess Plateau when maximum erosion occurs. After the soil was packed, the herbaceous vegetation (Poa pratensis L.) was transplanted in a banded uniform layout. The simulated rainfall experiments began approximately 2 months after planting when a stable growth of vegetation was established.
[bookmark: OLE_LINK32]This experiment designed three external factors (rainfall intensity, slope, cover ).Six herbaceous vegetation cover densities (0% [equivalent to bare slope], 30%, 40%, 50%, 60% and 70%), five rainfall intensities (0.7, 1, 1.5, 2 and 2.5 mm/min) and five slopes (7°, 10°, 15°, 20° and 25°) were tested with two replicates of each run, totalling to 108 experimental units (Table 1).
2.3. Measurements
For each treatment, runoff samples were collected 1 and 3 min after the onset of runoff and then every 3 min until the end of the experiment.  The duration of all simulated rainfall events was 40 min.The mass of each runoff sample was measured using a scale, and the samples were kept at 105 °C to evaporate the water and dry the sediment. Sediment samples were weighed once dry. The velocity of the flow surface was determined using KMnO4 as a tracer, and velocity measurements were replicated twice. The water temperature was monitored. The Reynolds number (Re) was calculated for each case where runoff occurred, and the mean flow velocity was obtained by multiplying the surface velocity by 0.6 if the flow was laminar, by 0.70 if the flow was transitional and by 0.80 if the flow was turbulent (Gyssels et al., 2005). Plant root characteristics (including root length, root surface area, root diameter, and root volume) were determined using WinRHIZO Root Analyzer. Root dry weight is to rinse the living roots, put them in an 80 ℃ oven to dry to a constant quality, and weigh to obtain. The measurement of the coverage of the planting base is to cut off the ground part of the grass and leave the grass base at a height of 1 cm, and then use the same method as the grassland plot coverage.
The runoff rate is the runoff depth per unit area per unit time, whereas the erosion rate is the sediment weight per unit area per unit time. The cumulative EM is the sum of the erosion rate measured during each sampling event, multiplied by time per unit area in the runoff time. The REM under a specific slope and rainfall intensity is calculated as EM of a bare soil minus the EM of soil with the given cover, divided by the EM of the bare soil. The RK under a specific slope and rainfall intensity is calculated from the erodibility of bare soil minus the erodibility of the soil with the given cover, divided by the erodibility of bare soil . The Rω under a specific slope and rainfall intensity is calculated as the stream power on bare soil at the given slope, minus the stream power of the given cover and slope, divided by the stream power on bare soil at the given slope. All statistical analyses were carried out using Excel or SPSS 18.0
[bookmark: OLE_LINK47][bookmark: OLE_LINK46]The shear stress (τ, measured in Pa; Nearing et al., 1991), stream power (ω, measured in W m−2; Prosser and Rustomji, 2000) and unit stream power (U, measured in m s−1; Yang et al., 1976;Morgan et al., 2005) are calculated as 

,                                                          (1)




where  is the water density (kg m−3),  is the gravitational acceleration (m s−2),  is the flow depth (m) and  is the sine value of the slope gradients.

                                                     (2)
where V is the mean flow velocity (m s−1).
U = VS.                                                            (3)
The contribution of independent variables to the dependent variableis calculated as follows:

                                                   (4)






where  is the contribution of the ith factor;is the multiple correlation coefficient, ,is the regression coefficient of the ith factor,  is the mean square deviation of the ith factor and  is the mean square deviation of the dependent variable.
3. Results
3.1 Effect of herbaceous vegetation on Rω
3.1.1 Stream power—the best for describing interrill erosion among the three hydraulic parameters considered
The relationship between the EM and shear stress or stream power under different cover densities can be defined by power equations (Table 2). The R2 of the equations are large (generally greater than 0.95), and the value of the R2 for a given shear stress equation is less than that calculated for a stream-power equation under the same conditions. Moreover, the relationship between EM and unit stream power under different cover densities can also be fitted to logarithmic equations (Table 2), although the R2 of those equations is small. Hence, stream power is the best for describing interrill erosion among the three hydraulic parameters considered.
3.1.2 Grass contribute to Rω
Grass affects stream power is mainly through grasscover and stem basal cover. The relationship between Rωand grasscover, and stem basal coveris analysed using the data from the experiments described with the equation listed in Table 3 and 4. Table 3 and 4 also showed the contribution rate of the influence of grass cover, and Phytyl cover on reduction of stream power under different rainfall intensities or slopes. The relationship between the Rω and grass cover, and phytyl cover can be described with logarithmic equations, and the correlation coefficients are all around 0.9 (Table 3 and 4).The calculationunder different rainfall intensities showed contribution rates of 82.86%-97.51%, and1.48%-14.82% (Table 3). Similarly, the calculation under different slopes showed contribution rates of86.36%-97.51%, and 1.48%-20.44%(Table 4).Further analysis showed the regulation effect of grass on stream power is mainly achieved by grass cover.
3.2 Effect of herbaceous vegetation on RK
In recent years, soil erodibility isanimportant parameter for assessing and predicting environmental impacts on surface water bodies; it is most commonly used in the soil-loss equations USLE and RUSLE (Renard et al., 1997). Soil erodibility is generally regarded as a measure of the susceptibility of a soil to erode. However, in a fundamental sense, soil erodibility should be defined as the amount of soil loss per unit of exogenic force or erosivity, such as rainfall, surface flow and seepage (Bin Wang, 2013). Stream power is commonly used to model soil erosion in models, such as GUEST (Misra, 2010). Stream power is the best hydraulic parameter to describe interrill erosion, among the three hydraulic parameters calculated. As discussed above, soil erodibility is calculated though the erosion rate as a function of stream power.
Tables 5 and 6 present the results of the Pearson correlation analysis between RK and grass root characteristics or soil characteristics under the experimental conditions. Table 5 shows the following: RK was positively related to root length(RL), root surface area(SA), and root volume(RV) with good correlation. The correlation coefficient was in the range of 0.916-0.950. Table 6 shows the following: reduction of soil erodibility was positively related to organic matter (OM), <0.002 particle composition (PG), soil bulk density(SD), and soil porprsity(SP) with good correlation.The correlation coefficient was in the range of 0. 939-0.961. However, under the test conditions, PG and OM change very little, and it is easy to magnify the measurement error. SD and SP are consistent in expressing soil compactness. Moreover, R2 of the correlation between RK and SD is 0.944, which is slightly larger than R2 of SP with 0.939. Therefore, SD under the test conditions is the most suitable soil characteristic index for evaluating RK on the steep slope of the grassland.
Grass affects soil erodibility is mainly through root volume and soil bulk density. The relationship between RK and RV, and SD is analysed using the data from the experiments described with the equation listed in Table 7. The relationship between the RK and RV, and SD can be described with binary logarithmic equations(Table 9). The calculation under different slopes showed contribution rates of 73.61%-97.94, and 0.04%-0.22%(Table 9). Further analysis showed the regulation effect of grass on soil erodibility is mainly achieved by root volume, and the control effect by soil bulk density is minimal.
3.3 Contributions of Rωand RK to REM
The control of stream power and soil erodibility by herbaceous vegetation is apparent in changing the rate of interrill erosion. The complete herbaceous vegetation  generally reduces the stream power and soil erodibility.This result is similar to that of the previous studies (Mamo, 2001a, 2001b; Renard et al., 1997; Nachter and Poesen, 2002; Gyssels et al., 2006). The results described in the present study indicate that the relationship between REM and stream power or soil erodibility could explain the mechanism, by which the herbaceous vegetation cover affects interrill erosion, as indicated in the following equation:
REM = 0.95Rω + 0.79RK + 0.11
(R2 = 0.95, Sig < 0.01; F(2,42) = 365.53 > F(2,42)0.01 = 5.15)                 (5)
[bookmark: OLE_LINK24]where REM is the reduction of erosion modulus (%), Rω is the reduction of stream power (%)and RK is the reduction of soil erodibility (%).Equation 8indicates that the relationship between the REM and the Rω or RK could be linear. In addition, Eq. 8 shows a positive correlation between the REM and the Rω or RK, thus supporting the hypothesis that herbaceous vegetation could effectively decrease interrill erosion by decreasing the stream power.The contributions of the decreasing stream power and soil erodibility to the decreasing interrill erosion are 61.02% and 33.55%, respectively, totalling to 94.57%. This finding indicates that herbaceous vegetation decreases the interrill erosion mainly by decreasing the stream power.
4. Discussion
4.1 Sheet erosion mechanism of grassland slope under steep slope conditions 
In the previous research and the results of this experiment, the influence of rain intensity and slope on the grassland erosion force showed a stable positive correlation, and only grass was able to resist the erosion force.The grassland erosion mechanism is deeply explained in terms of the influence of grass characteristics on erosion forces.The results of this experiment show that the contribution of grass to Rω mainly comes from grass cover and planting cover(Li and Pan.,2018).In the late rains, the grass is flat on the ground, and the role of grass is maximized. In addition, the blade of grass has a positive effect on the flow rate of the water flow(Perkins et al., 2018;Hao et al., 2020), but the grass base cannot display the double effect of the grass cover. Therefore, the contribution of grass cover to the impact of Rω is significantly greater than that of planting.
Grass affects RK through roots and root improvement soil properties(Li and Pan.,2018;Melville and Morgan.,2001). Further analysis of the correlation between vegetation characteristics and RK shows that the contribution of grass to RK mainly comes from grass root volume and soil bulk density,which is different from previous research(Chau and Chu.,2017;Baojun et al.,2019). Because the effect of root consolidation soil can achieve the best effect in a short time(Shaurav et al.,2018), and the roots need to improve soil properties for a long time and change little, so the contribution of grass root volume to RK is much greater than the contribution of soil bulk density to RK.
4.2 Future research of erosion mechanism of grassland slope 
The influence of changes in space-time scale on erosion is very different (Biddoccu et al., 2016), and the factors that affect erosion are also very different (Suleiman et al., 2016.). This experiment analyzes the erosion mechanism from a small space-time scale at multiple levels, providing a basis for a more applicable erosion model. But the effectiveness of the erosion model must be explained from the large-scale erosion factor level. Under large-scale conditions, vegetation layout, vegetation types, vegetation density, and soil properties determine the law of erosion changes(Melville and Morgan.,2001;Lie Xiao;Guo et al.,2019;Mingming et al.,2020), and there are few related studies. The erosion model did not fully considers these factors less(Ren et al., 2017), and the model is less effective in current applications(Panagos et al.,2015; Nouwakpo et al., 2016).The research focus should be on the impact of vegetation layout, vegetation types, vegetation density, and soil properties on soil erosion under large-scale conditions.
5. Conclusion
[bookmark: OLE_LINK10]The contributions of the Rω and RK to the decreasing interrill erosion are 61.02% and 33.55%, respectively, totalling to 94.57%. This finding indicates that herbaceous vegetation decreases the interrill erosion mainly by decreasing the stream power.The relationship between the Rω and grass cover, and phytyl cover can be described with logarithmic equations.The calculationunder different rainfall intensities or slopes showed contribution rates of 82.86%-97.51% or 86.36%-97.51%, and1.48%-14.82% or 1.48%-20.44%.The relationship between the RK and RV, and SD can be described with binary logarithmic equations.The calculation showed contribution rates of 73.61%-97.94, and 0.04%-0.22%. Further analysis showed the regulation effect of grass on stream power is mainly achieved by grass cover, and the regulation effect of grass on soil erodibility is mainly achieved by root volume.The research focus should be on the impact of vegetation layout, vegetation types, vegetation density, and soil properties on soil erosion under large-scale conditions.
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