Modelling hillslope sediment transport rate on grassland 
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Abstract: Sediment transport rate is greatly important in establishing reliable strategies to manage environmental changes. However, few data are available for estimating the sediment transport rate on a steep slope of grass with different covers. In this study, the artificial simulated rainfall test is used to investigate how rainfall intensity, slope and cover affect the sediment transport rate. Simultaneously, the study establishes a model for the sediment transport rate using shear stress, stream power, unit stream power and unit energy on steep grassland slopes. Results show that the sediment transport rate decreases as the vegetation cover increases, as described by linear or logarithmic equations under different rainfall intensities or slopes. The sediment transport rate increases as an exponential function equation with rainfall intensity, slope and cover with a Nash–Sutcliffe model efficiency (NSE) value of 0.864. The effects of slope steepness are stronger than the effects of rainfall intensity and cover. Regression analyses show that the sediment transport rate can be predicted from the power function equations of shear stress, stream power and unit energy. In addition, the sediment transport rate can be fit to unit stream power with linear equation (NSE = 0.840). However, shear stress, stream power and unit energy perform poorly (NSE = 0.394, NSE = 0.498 and NSE = 0.330, respectively). Further analysis shows that the sediment transport rate is best modelled by a power function equation that includes three factors, i.e. rainfall intensity, vegetation cover and slope. Moreover, unit stream power results in the best model for the sediment transport rate among the different hydrodynamic parameters. The soil erodibility parameter and critical unit stream power of this experiment are 113.59 and 0.216 m·s-1, respectively, which are six times more than those in the bare slope. The measurements and calculations of the sediment transport rate, the calculations of the surface roughness and characteristic considerations of the vegetation for sheet flow should be explored in future research, which are important in improving experimental accuracy and sediment transport rate modelling. These results provide a basis for establishing process-based erosion models on steep grassland slopes.
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1. Introduction
Hillslopes constitute the majority of the land surface area of the Earth and dominate the supply of sediment to rivers (Richardson et al., 2019). Soil and water loss from rangeland causes land degradation and water pollution; thus, continued efforts are needed to establish a mathematical model for the quantitative analysis of relevant processes and mechanisms (Tao et al., 2018; Brian et al., 2020). Soil erosion involves soil detachment, sediment transport and deposition owing to the action and interaction of raindrops and runoff (Ni et al., 2020). Sediment transport is a complex process, of which the mechanisms and the related variations of sediment concentrations under different governing conditions provide insights into the evaluation of terrestrial material transport, landscape denudation, geomorphic changes, water quality and even the ecology of downstream estuaries (Wang et al., 2019). Vegetation is widely attributed to stabilise sediment (Zhang et al., 2019).Whereas most studies have focused on how canopies cause flow reduction and thereby affect sediment dynamics, the role of roots and rhizomes on stabilising the surface sediment has been less well-studied (Marin-Diaz et al., 2019). The analysis of erosive processes and sediment transport on the rangeland has numerous implications in terms of river morphodynamic evolution, proper river basin management, land use planning and flood risk evaluation regarding human health and environmental protection (Ivanov et al., 2016; Kozyrakis et al., 2016; Mao et al., 2018; Zhiyong et al., 2019; Rennang et al., 2019; Zhiyong et al., 2020).

Previous studies have demonstrated that the erosion and deposition processes of cohesive sediment on grassland slopes are influenced by the simultaneous existence of many space- and time-varying parameters, such as grain size, mineral composition, runoff, flow fluid and biological effects (Fang et al., 2017; Jacobs et al., 2011; Zhiyong et al., 2020). For the sediment transport relations used in the sensitivity analysis, accurate knowledge of the sediment size has been found to have more impact on sediment transport predictions than the precise knowledge of other input variables, such as channel slope and flow discharge (Fernández et al., 2017). The sediment grain size in the deltaic environment of the Luanhe River (LR), Liaoning, China contains sediment transport pathway information that is useful in elucidating the shoreline change and fluvial-marine interaction (Yu et al., 2019). The proportion of coarse particles in the sediment transport gradation with the highest quality changes with time, similar to the sediment transport rate. When the sediment transport rate reaches the expected vicinity, the sediment transport gradation is the same as the original bed sand gradation (Xu et al., 2018). Moreover, sediment load is highly dependent on direct runoff (Tuse et al., 2016). The dimensionless sand transport intensity corresponding to the peak of the bed load transport rate during the process of clean water erosion and coarsening layer damage increases with the increase of water flow intensity (Nie et al., 2013). At smaller scales, the variability in sediment transport intensity can be due to flow turbulence and the evolution of bedforms (Iseya and Ikeda, 1987; Nelson et al., 2009; M.A et al., 2018). Numerous studies have proven that grass can suppress erosion effectively, improve soil infiltration and maintain soil moisture by influencing rainfall and runoff (Isa Ebtehaj et al., 2020). Sediment resuspension was ascribed to a too small eelgrass patch for reducing waves but rather showing enhanced turbulence and scouring at meadow edges (Marin-Diaz et al., 2019). The measured transport capacity decreases exponentially as the stem basal cover increases, and the rate of decrease is far greater than what has been reported in the literature. The transport capacity is affected more by the stem basal cover than by slope and discharge when the cover exceeds approximately 2-3% (Mu et al., 2019).

During the past few decades, a large number of soil erosion and sediment transport models have been developed, focusing on various characteristics and capacities. On the basis of their underlying concepts, these models are categorised into four groups: (I) empirical models, (II) conceptual models, (III) physically-based models and (IV) hybrid models. Many empirical models are widely applied worldwide with a large number of subsequently developed models based on this model, such as the Universal Soil Loss Equation (USLE) model, the Revised Universal Soil Loss Equation (RUSLE) model and the Modified Universal Soil Loss Equation (MUSLE) model (Guzman et al., 2019; Tan at al., 2019). Many conceptual models are suitable for large watersheds comprised of both urban and rural areas, such as the Hydrologic Simulation Program-Fortran (HSPF), the simplified Krone’s equation (Krone et al., 1962), the Soil and Water Assessment Tool (SWAT) model, the Limburg Soil Erosion Model (LISEM), the Watershed Erosion Prediction Project (WEPP) to be less frequently adopted (Merritt et al., 2003) and the GUEST model (Rose, 1985; Hairsine and Rose, 1991; Rose et al., 2007). The HSPF can address the problems in the total maximum daily load (TMDL) of sediments and nutrients, nutrient and pesticide management, urbanisation and ponds. The simplified Krone’s equation (Krone et al., 1962) is used in this model to measure the rate of deposition on the basis of the settling velocity, sediment concentration, shear stress and critical shear stress (Kalin et al., 2017). However, physically-based models are capable of operating either on a continuous basis or in an event-based mode, such as the MIKE-Système Hydrologique Européen (SHE), CASCade 2-Dimentional SEDimentation (CASC2D-SED), WEPP, SHE-SEDimentation (SHESED) and EUROpe WIthin Storm Erosion (EUROWISE) (Hajigholizadeh et al., 2018).
The transport rate on the grassland slope is related to many variables, such as rainfall intensity, slope, grass cover, shear stress, stream power and unit stream power (Wang et al., 2019). Under the condition of artificial rainfall, the sediment transport rate on the grassland slope increases with the increase of shear stress, unit power stream and specific energy of the cross section. Moreover, it has a good response relationship. The critical shear stress, unit power stream and section specific energy of bare land and grassland slope erosion are significantly greater (Xiao et al., 2011). The quantitative relation between the relative bed shear stress and the backwater degree is obtained. Finally, the formula for the bed load transport rate that is applicable to the reservoir channel segment with backwater flows is obtained through measurements and flume experiments (Jin et al., 2016). Multivariate analysis shows that the total suspended load can be predicted by integrating rainfall and runoff variables. The total direct runoff is the variable with more weight in the equation (Tuset et al., 2016).
The first objective of this study is to investigate how external factors (rainfall intensity, slope steepness and cover) affect the sediment transport rate on steep slopes. The second objective of this study is to investigate the relationship between the sediment transport rate and the hydraulic parameters (shear stress, stream power, unit stream power and unit energy) on steep slopes. Finally, the third objective of this study is to establish new and more accurate experimental models of sediment transport rate using external factors or hydraulic parameters on steep slopes.

2. Materials and methods
2.1 Experiment materials and equipment
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. Ansai (109°19′ E, 36°51′ N) is located in the northern Shaanxi Province and has a mean annual temperature of 8.8 °C and an annual precipitation of 500 mm. 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 the stones, grass and other debris from the soil. Poa pratensis L. was selected for the experiment, and the planting method was strip planting. The soil moisture content was 14%, and the bulk density was 1.2 g/cm3. The soil physical and chemical indexes, such as the soil mechanical composition and the organic matter content, were determined before the experiment. The average diameter of the test soil particles was 0.039 mm, and the contents of the soil organic matter were 0.3–0.6%. The soil mechanical composition is shown in Table 1. 
The experimental plots were constructed with metal frames of 1.2 m × 1.0 m × 0.30 m, and the plot gradients could be adjusted using the movable base of the frame. A complementary border area with a width of 27.5 cm was established around the plot, i.e. the test area. The border area was filled with soil, and grass was transplanted in the same manner as in the plot to ensure equal splashing onto and off the plot such that the erosion in the plot closely resembled that in the field. A metal outlet at the lower end of each frame facilitated the collection of runoff samples. At the bottom of each plot, 5 cm of natural sand was overlaid with a permeable gauze to allow the drainage of the 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. Poa pratensis L. is a gramineous plant, and current-year grass was selected for the experiments. After the soil was packed, herbaceous vegetation (Poa pratensis L.) was transplanted in a banded uniform layout. Then, the rangeland plot for the simulated rainfall experiment was completely formed. The simulated rainfall experiments began approximately two months after planting when a stable growth of vegetation was established. The LPM laser rain spectrometer was used to measure the raindrop diameter and the falling speed. Then, the raindrop kinetic energy was calculated in accordance with the raindrop kinetic energy formula, as shown in Table 2.
2.2 Experimental design 
2.2.1 Rainfall times
Six herbaceous vegetation cover densities (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 90 experimental units (Table 3). 
2.2.2 Experimental procedure
The runoff samples for each treatment 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 with a scale, and the samples were maintained at 105 °C to evaporate the water and dry the sediment. Then, the 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, and the Reynolds number (Re) was calculated for each case where runoff occurred. In addition, the mean flow velocity of the runoff layer was obtained by multiplying the runoff surface velocity by 0.67 in this study (Horton et al., 1934). The mean flow velocity was obtained by multiplying the surface velocity by 0.6 (laminar flow), 0.70 (transitional flow) and 0.80 (turbulent flow) (Flangan and Nearing, 1995). The mean sheet flow depth (m) of the slope surface of the plot was calculated by dividing the flow discharge per unit width (m2 s-1) by the average velocity (ms-1 ) of two measurements. The sediment transport rate is the amount of sediment transported by the runoff cross-section per unit time. 
2.3. Hydraulic parameters
Shear stress (τ, measured in Pa; Nearing et al., 1991), stream power (ω, measured in W m-2; Bagnold et al., 1966; Prosser and Rustomji, 2000) and unit stream power (U, measured in m s-1; Yang, 1976) were calculated as
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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 slope gradients;
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U = VS.                                                               (3) The unit energy (E, measured in cm; Zhao and He, 2010) was calculated as
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 where ɑ is the kinetic energy correction factor (ɑ= 1), and θ is the slope angle (°).
2.4. Data analysis
All statistical analyses were performed using SPSS19.0 and Microsoft Excel 2007. The data set (n=63) was used for modelling the sediment transport rate, describing the influence of herbaceous vegetation on the sediment transport rate and deriving the values of the statistical parameter R². The modelling results were evaluated using independently measured data (Table 4). The dataset (n=27) of the independently measured data was used in equation validation by generating the value of the statistical parameter NSE, which is used to evaluate the performances of modelling equations. The following statistical parameters were used to evaluate the performance of the simulated results:  
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where NSE is the Nash–Sutcliffe efficiency index (Nash and Sutcliffe, 1970), Oi is the measured value, Pi is the predicted value, 
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3. Results
3.1 Effect of herbaceous vegetation on sediment transport rate
3.1.1 Variation in sediment transport rate with covers under different rainfall intensities or slopes
The sediment transport rate decreases with the increase of cover under different rainfall intensities or slopes. The extent of the decrease is initially high and then decreases and is maximised under 30%–40% cover (Fig. 1). This change can be well described by exponential equations (Equations 6 and 7). The determination coefficients are 0.984 and 0.994 with significance levels of 0.01, respectively. 
MST = 264e-1.523C     (R2 = 0.984, P=0.01),                                 (6)
MST = 307.31e-1.174C   (R2 = 0.994, P=0.01),                                (7)
where MST is the mean sediment transport rate, kg/(min·m2); C is the coverage, %; and P is the significance level. The relationship between the sediment transport rate and the cover is different from the relationship found in previous research (Li et al., 2008; Richardson, 2019; Tuse et al., 2016). The relationship between the sediment transport rate and the cover is always described by a linear equation.
3.1.2 Variation in sediment transport rate with rainfall intensities or slopes under different covers 
The sediment transport rate increases with the increase of rainfall intensity or slope under the same cover. The extent of the increase with rainfall intensity from 1.0 mm/min to 2.0 mm/min or with slope from 20º to 25º is maximised (Fig. 2). This increase can be well described by the power equation or the exponential equation, respectively (Equations 8 and 9). 
MST = 113.59I0.700     (R2 = 0.928, P=0.01),                                 (8)
MST = 44.614e0.079S   (R2 = 0.983, P=0.01),                                  (9)
where MST is the mean sediment transport rate, kg/(min·m2); I is the rainfall intensity, mm/min; and S is the slope, º. Previous studies have shown that the sediment transport rate has been increasing with the increase of rain intensity (Richardson et al., 2019), while the sediment transport rate of this experiment tends to stabilise after the initial increase of the rain intensity. Previous studies have shown that the sediment transport rate initially increases with the increase of slope and then decreases in two stages (Dai et al., 2017), while the sediment transport rate in this experiment has been increasing with the increase of slope in one stage. In addition, the soil erodibility parameter of this experiment is 113.59, which is six times more than the previous one (Dai et al., 2017; Wang et al., 2018).
3.2 Modelling sediment transport rate using rainfall intensity, slope and cover
Under the experimental conditions, rain intensity, slope and grass cover are the three main factors that affect the characteristics of the sediment transport rate on grass slopes. Sediment transport rate increases with the increase of slope or rainfall intensity and the decrease of cover. The comparison of observed and modelled sediment transport rate (ST) indicates that ST can be modelled by a power function equation using rainfall intensity and cover with an NSE value of 0.209 and an R2 of 0.237 (Fig. 3 and Equation 10). ST can also be modelled by a linear function equation using slope and cover with an NSE value of 0.654 and an R2 of 0.638 (Fig. 4 and Equation 11) and by an exponential equation using rainfall intensity, cover or slope with an NSE value of 0.864 and an R2 of 0.847 (Fig. 5 and Equation12), as expressed as follows: 
ST=70.882I0.731C-0.615                 (R2=0.237, NSE=0.209),       
        (10)
ST=76.857+13.346S-228.027C       (R2=0.638, NSE=0.654),
                (11)
ST=45.571e0.485I+0.075S-1.423C          (R2=0.847, NSE=0.864),                (12)
where ST is the sediment transport rate, kg/(min·m2); I is the rainfall intensity, mm/min; S is the slope, º; and C is the coverage, %. Further analysis shows that simulating the sediment transport rate with rain intensity, slope and cover is better than the other two empirical models. The empirical model of the sediment transport rate established by two other external factors has poor simulation effect and cannot be used.
3.3 Modelling sediment transport rate using hydraulic parameters
3.3.1 Shear stress
The sediment transport rate increases with the increase of shear stress for all combinations of rainfall intensities, vegetation covers and slopes (Xiao et al., 2011; Fangshi et al., 2018). The relationship can be defined by a power function equation (Equation 13). The comparison of observed and predicted ST (Fig. 6) indicates that ST can be modelled by a power function equation using shear stress, which is expressed as:
ST=488.188τ0.884                    (R2=0.304, NSE=0.394).                   (13)
Equation 13 shows that the soil erodibility parameter is 8.136 s/m, the NSE is 0.394, and the R2 is 0.304. The R2 and NSE show that the sediment transport rate for all combinations of rainfall intensities, vegetation covers and slopes can be poorly modelled by a power function shear stress equation (Fig. 6 and Equation 13). The power function of shear stress has also been used to simulate the sediment transport capacity, but the effectiveness of the model is good in previous studies with an NSE value of 0.81 (Fangshi et al., 2018; Xiao et al., 2011).
3.3.2 Stream power
The sediment transport rate increases with the increase of stream power for all combinations of rainfall intensities, vegetation covers and slopes (Xiao et al., 2011; Fangshi et al., 2018). The relationship can be defined by a power function equation (Equation 14). The comparison of observed and predicted ST (Fig. 7) indicates that ST can be modelled by a power function equation using stream power, which is expressed as:
ST=2630.089ω0.789                  (R2=0.442, NSE=0.498).                     (14)
The R2 and NSE show that the sediment transport rate for all combinations of rainfall intensities, vegetation covers and slopes can be poorly modelled by a power function stream power equation (Fig. 7 and Equation 14). In previous studies, the linear function of stream power has also been used to simulate the sediment transport capacity, but the simulation effect of the model was very good with an NSE value of 0.91 (Fangshi et al., 2018; Xiao et al., 2011).
3.3.3 Unit stream power
The sediment transport rate increases with the increase of unit stream power for all combinations of rainfall intensities, vegetation covers and slopes. The relationship can be defined by a linear function equation (Equation 15). The comparison of observed and predicted ST (Fig. 8) indicates that ST can be modelled by a linear function equation using unit stream power, which is expressed as:
ST=7033.51 (U-0.0036)          (R2=0.757, NSE=0.840).                   (15)
Equation 15 shows that the critical unit stream power is 0.216 m·s-1, which is 10 times more than the critical unit flow power in previous studies. Further analysis shows that simulating the sediment transport rate with unit stream power is better than the other three empirical models (Equations 12, 13 and 16). In previous studies, sediment transport capacity can be poorly predicted from linear equations of unit stream power with an NSE value of 0.67 (Xiao et al., 2011; Fangshi et al., 2018).
3.3.4 Unit energy
The sediment transport rate increases with the increase of unit energy for all combinations of rainfall intensities, vegetation covers and slopes. The relationship can be defined by a power function equation (Equation 16). The comparison of observed and predicted ST shows a low agreement (Fig. 9), which is expressed as:
ST=1696.159E0.887                  (R2=0.295, NSE=0.330).                     (16)
The R2 and NSE show that the sediment transport rate for all combinations of rainfall intensities, vegetation covers and slopes can be poorly modelled by a power function unit energy equation (Fig. 9 and Equation 16). However, a clear linear relationship is observed between sediment transport rate and runoff energy consumption in previous studies (Li et al., 2006; Xiao et al., 2011), which is clearly different from the result of this experiment.
4. Discussion
4.1 Variation characteristics of ST on grassland slope
The experimental results show that the sediment transport rate increases with the increasing rain intensity, and the sediment transport rate decreases with the increasing coverage, which are similar to the results of previous studies (Li et al., 2008; Richardson., 2019). The fluctuation rate of the sediment transport rate on grassland slopes is evidently smaller than that on bare slopes (Dai et al., 2017). However, the sediment transport rate increases with the increasing slope, which is different from previous studies. In previous studies, 21 is the critical slope (Li et al., 2006; Dai et al., 2017; Fangshi et al., 2018). When the slope is greater than the critical slope, the sediment transport rate decreases with the increasing slope, which is different from the finding of this study. This decrease is mainly because the erodibility of grassland slopes is much greater than that of bare soil (Dai et al., 2017), which makes the critical slope of grassland slopes greater than 25 degrees. Therefore, the slope increases from 7 to 25 degrees, and the sediment transport rate of grassland slopes always increases.

Through the above analysis, we can see that the variation of the sediment transport rate on the grass slope is different from the variation of the sediment transport rate on the bare slope (Dai et al., 2017). This difference in variation also determines that erosion models or sediment transport rate models established with bare slope data is not suitable for simulating sediment transport rate on grassland (Dai et al., 2017). These models include the USLE model, RUSLE model, MUSLE model, HSPF, SWAT model, LISEM, WEPP model and GUEST model (Harada et al., 2019). In addition, we can calculate that the contribution of rain intensity, slope and coverage to the sediment transport rate of grassland slopes is 17.7%, 45.9% and 21.1% (Equations 10, 11 and 12), respectively, further indicating that the impact of the sediment transport rate on the grassland slope mainly comes from the slope and the cover. Such results have also been obtained in previous experiments (Li et al., 2008; Richardson, 2019; Fangshi et al., 2018). Therefore, the sediment transport rate model established by the slope and cover or by the rain intensity, slope and coverage is more effective than the sediment transport rate established by the rain intensity and cover. Rainfall represents the total erosion energy, slope represents the erosion energy conversion rate (Tuset et al., 2016; Dai et al., 2017), and vegetation represents the consumption erosion energy conversion rate and reduced erosion energy conversion rate (Wang et al., 2018; Marin-Diaz et al., 2019). The sediment transport rate on grassland slopes can be fully expressed only by the three factors, and the sediment transport rate model established by the rain intensity, slope and coverage is the best.
4.2 ST model established by U is the best among the four hydraulic parameters 
Unit stream power refers to the potential energy loss per unit weight of water, which can clearly indicate the energy conversion and conversion rate (Morgan, et al., 1998; Yang, 1972). However, the other three hydraulic parameters can only express part of the content. The shear stress can only express the change of the erosion force (Nearing et al., 1991). The stream power can only express the conversion rate of water flow energy (Hairsine and Rose, 1992a; Hairsine and Rose, 1992b). Moreover, the unit energy expresses the conversion rate of runoff potential energy (Zhao and He, 2010). Under rainfall conditions, soil particle displacement is affected by both raindrops and runoff (Dongdong et al., 2016). The sediment transport rate is defined on the basis of the runoff longitudinal profile. Unlike these soil and water conservation terms, runoff rate and erosion rate are defined on the basis of the erosion cross section. This definition is the reason why the sediment transport capacity model and the erosion model have often selected different hydraulic parameters in previous studies (Dongdong et al., 2016).

The water depth is included in the calculation of shear stress, stream power and unit energy. Moreover, the mean sheet flow depth of the slope surface of the plot is calculated by dividing the flow discharge per width (m2 s-1) by the average velocity (m s-1) of the two measurements. The error of the calculated water depth is magnified mainly because of measurement errors in the flow discharge and velocity, which also makes the error of hydraulic parameters (shear stress, stream power and unit energy) calculated by the water depth larger. Therefore, the simulation effect of the sediment transport rate model based on the shear stress, stream power and unit energy is not good. Similarly, the unit stream power is calculated from the velocity and slope, and the only source of error is the velocity. Thus, the model of the sediment transport rate established by the unit stream power has the best simulation effect.
4.3 Improving ST model on grassland slope 
Previous studies on sediment transport rates have focused on rivers, coasts and oceans (Zhiyong et al., 2019; Qingchao et al., 2020; Harada et al., 2019; Sarda et al., 2016; Kozyrakis et al., 2016; Aleksyuk et al., 2018). Steep slopes are the main source of erosion (Richardson et al., 2019). However, very few studies have been conducted on the sediment transport rate of steep slopes, and even fewer studies have been made on the sediment transport rate of grass slopes (Tao et al., 2018). Sediment transport rate determination in rivers has developed very advanced technology (Gray et al., 2017; Abhari et al., 2018; Li et al., 2018), such as luminescence. This technology can be used for reference to improve the accuracy of measuring the sediment transport rate of slopes. The sediment transport rate is influenced by factors, such as the particle size, roughness, flow pattern of the soil particles, and grass characteristics (Shimin et al., 2019). On the basis of these factors, the sediment transport rate model for rivers or oceans is established (Abhari et al., 2018; Aleksyuk et al., 2018; Harada et al., 2019; Houssais et al., 2016; Kim et al., 2019; Kozyrakis et al., 2016; Ouda et al., 2019; Yu et al., 2019; Zhilin et al., 2017), which should be taken into account when calculating the slope sediment transport rate. In addition, the measurement of flow velocity in the experiment has great interference with rainfall (Qingchao et al., 2020; Zhiyong et al., 2019; Richardson et al., 2019; Tao et al., 2018), and it can also draw on advanced technology in the flow velocity measurement of rivers.

4.4 Core value of research on ST of grassy steep slope
Grass is the primary stage of vegetation succession (Dongdong et al., 2018). Grassland not only occupies a large area of the world (Williams et al., 1968; Prentice et al., 1992), but grass is often planted in many projects, such as returning farmland to fields, rehabilitating degraded soils, rehabilitating mines and urban greening (Wang et al., 2018, 2019). The model of grassland sediment transport rate under steep slope conditions plays an important role in the prediction of terrain evolution, debris flow prediction and environmental assessment (Richardson et al., 2019; Tao et al., 2018). Therefore, this experiment spanned three months to establish grassland plots to match the newly transplanted grassland. At the same time, the sediment transport rate test was carried out under steep slope conditions. The results show that the erodibility and critical unit stream power of grassland slopes are six times more than that of bare slopes. This outcome is mainly due to the well-developed surface fibrous roots of bluegrass, which can effectively consolidate soil and improve the properties of the surface soil (Wang et al., 2019; Richardson et al., 2019). The huge change of erodibility coefficient makes the variation characteristics of the sediment transport rate of grassland slopes completely different from that of bare slopes (Tao et al., 2018), which also makes the erosion model established with bare slope data unable to be applied to grassland (Harada et al., 2019). In addition, the experiment found that the negative effects of grass cover, such as dry layer, increases flow velocity in the later period of rainfall. Although the regulation effect of grass increases with the increase of coverage, attention should be paid to the hard grass species with coverage of 40-50% in the later stage of grass planting. Moreover, the lack of previous studies on the sediment transport rate on grassland slopes makes the study more important.
The sediment transport rate in rivers has always been the focus of research, and the changes of sediment transport rate in rivers are also affected by the area of the river basin and time (Aleksyuk et al., 2018). The change of the sediment transport rate on the slope directly determines the accumulation of river sediment under spatiotemporal factors. Understanding the sediment transport rate of the steep slope can quantify the influence of spatiotemporal conditions on the river sediment transport rate.
5. Conclusions

(1) Previous studies have shown that the sediment transport rate initially increases with the increase of slope and then decreases in two stages. Meanwhile, the sediment transport rate in this experiment has been increasing with the increase of slope for one stage. In addition, the soil erodibility parameter of this experiment is 113.59, which is six times more than the previous one. Further analysis reveals that simulating the sediment transport rate with rain intensity, slope and cover is better than the other two empirical models. The empirical model of the sediment transport rate established by the slope and cover degree has poor simulation effect and cannot be used.

(2) The sediment transport rate model established by unit stream power is the best among the four hydraulic parameters. The sediment transport rate can be modelled by a linear function equation using unit stream power, and the critical unit stream power is 0.216 m·s-1. The R2 and NSE also show that the sediment transport rate for all combinations of rainfall intensities, vegetation covers and slopes can be poorly modelled by a power function shear stress equation, a power function stream power equation or a power function unit energy equation.
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Figure captions
Fig.1 Variation of sediment transport rate with cover under different rainfall intensities or slopes

Fig.2 Variation of sediment transport rate with rainfall intensity or slope under different covers

Fig.3 Measured vs. predicted sediment transport rate (using the model: ST=70.882I0.731C-0.615 )

Fig.4 Measured vs. predicted sediment transport rate (using the model: ST=76.857+ 13.346S- 228.027 C)

Fig.5 Measured vs. predicted sediment transport rate (using the model:ST=45.571e0.485I+0.075S-1.423C )

Fig.6 Measured vs. predicted sediment transport rate (using the model: ST=488.188τ0.884 )
Fig.7 Measured vs. predicted sediment transport rate (using the model: ST=2630.089ω0.789)
Fig.8 Measured vs. predicted sediment transport rate (using the model: ST=7033.51 U-25.332)

Fig.9 Measured vs. predicted sediment transport rate (using the model: ST=1696.159E0.887)

Table 1 Raindrops’ Kinetic of the designed rainfall intensities
	Rainfall intensity（mm/min）
	0.7
	1.0
	1.5
	2.0
	2.5

	Raindrops’ Kinetic（J/m2）
	193.87
	274.41
	380.06
	506.94
	704.75


Table 2 Soil composition
	Granulometric class
	Clay
	Silt
	Very fine sand
	Fine sand
	Coarse sand

	Particle size (mm)
	<0.002
	0.002-0.05
	0.05-0.1
	0.1-0.25
	>0.25

	Percentage(%)
	5.95
	61.17
	27.67
	5.22
	0


Table 3. Experiment design
	Slope(°)
	Rainfall intensity(mm/min)
	Cover (%)
	repeat
	Event

	15
	0.7 、1.0 、1.5 、2.0 、2.5
	30、40、50、60、70
	1
	50

	7、10、15、20、25
	1.5
	30、40、50、60、70
	1
	50

	Remark
	10 events were repeated

	Total
	90


Table 4. Independent measured data
	Slope(°)
	Rainfall intensity(mm/min)
	Cover (%)
	repeat
	Event

	7
	1.5
	30,60,70
	0
	3

	10
	1.5
	50,60,70
	0
	3

	15
	0.7,1.0,1.5,2.0,2.5
	30,40,50,60,70
	0
	15

	20
	1.5
	40,50,70
	0
	3

	25
	1.5
	40,50,60
	0
	3

	Total
	27
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