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Abstract

:

Soil erosion and the consequent loss of nutrients have consistently been significant factors contributing to land degradation and nonpoint source pollution. While runoff serves as the primary carrier for nutrient loss, the hydraulic processes governing the mechanisms of nutrient loss remain not entirely clear. This paper aims to investigate the impacts of rainfall intensity and the slope gradient on hydraulic parameters, soil loss rates, and ammonia nitrogen loss rates, with the objective of determining the optimal hydraulic parameters for more accurate predictions of soil erosion and nutrient loss rates. A series of simulated rainfall experiments with three rainfall intensities (25, 50, and 75 mm min−1) and four slope gradients (8.7%, 17.6%, 26.8%, and 36.4%) were conducted on a 5 m × 10 m slope. The results indicated that the flow velocity, shear stress, stream power, unit stream power, and unit energy all increased with the increase in slope gradient or rainfall intensity. The water depth decreased with an increase in the slope gradient but increased with an increase in the rainfall intensity. Laminar flow occurred in all experiments (Reynolds number < 500). Only the overland flow under a 25 mm h−1 rainfall intensity and 8.7% slope gradient was subcritical flow (Froude number < 1). Hydraulic parameters, the soil loss rate, and ammonia nitrogen loss rate could be all expressed as the product of rainfall intensity and slope power function, with R2 ranging from 0.949 to 0.997. The average soil loss rate and process soil erosion rate could both be fitted using the power function of hydraulic parameters, with the optimal fitting parameter being stream power (R2 = 0.980 and 0.909). The average ammonia nitrogen loss rate exhibited a linear relationship with the hydraulic parameters, and the optimal fitting parameter was also stream power (R2 = 0.933). However, there were relatively low correlations between hydrodynamic parameters and the ammonia nitrogen loss rate (R2 = 0.450–0587). Our results contribute to a deeper understanding of the hydraulic processes involved in nutrient loss.
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1. Introduction


Land resources are one of the fundamental resources for human survival and development [1]. However, during the course of human development and the exploitation of land resources, there is an acceleration in soil erosion, presenting significant challenges for the sustainable development of agricultural production and ecological environment construction. Notably, the highest rates of soil erosion are commonly observed on sloping agricultural lands [2]. Soil erosion on these agricultural slopes not only results in the depletion of the surface soil layer but also transports nutrients from the soil into rivers and lakes through runoff, causing agricultural nonpoint source pollution, restricting soil utilization, and impeding agricultural development.



The exploration of the hydraulic characteristics of rainfall-induced runoff erosion on slopes and its impacts on sediment transport patterns has long been a foundational element in erosion mechanics. After the formation of runoff, the movement of soil particles on slopes is predominantly influenced by the dynamics of overland flow. Runoff-induced erosion can be conceptualized as an energy-consuming process under the motion of overland flow [3,4]. Soil erosion happens when the erosive force of slope runoff surpasses the critical shear stress dispersion effect of soil particles, and sediment content in the runoff falls below its sediment-carrying capacity [5,6]. As the sediment content in the runoff progressively increases, the flow velocity decreases, and the energy of overland flow is harnessed for transporting newly generated sediment. Once the sediment content exceeds the energy of the flow, sediment deposition occurs, leading to a decrease in the flow velocity and establishment of a dynamic equilibrium. Slope runoff also triggers the migration of soil nutrients to the surface soil layer by dissolution, convection, and convection–diffusion effects, which may be highly related with the hydraulic parameters such as flow velocity and flow regime. Consequently, understanding the responses of hydrodynamic processes to the nutrient loss process is crucial for implementing rational control measures for soil and nutrient loss [7].



Commonly employed characteristic parameters in the dynamic process of slope overland flow erosion encompass the flow velocity, water depth, Froude number, Reynolds number, shear stress, stream power, and so on [8,9,10]. The flow velocity of runoff significantly affects the size of the runoff erosion and sediment-carrying capacity [11]. The Reynolds number is a dimensionless criterion characterizing the viscous effects, while the Froude number represents the ratio between inertial forces and gravity [12]. Shear stress and stream power are commonly used to assess soil erosion rates and characterize the critical dynamic conditions under which soil erosion occurs. Mahmoodabadi et al. [13] observed a linear relationship between soil detachment capacity and runoff stream power. Wu et al. [14] proposed that a linear function could best predict the relationship between soil erosion rates and shear stress and stream power. Wang et al. [15] found that hillside erosion could be adequately modeled using either the power function of shear stress or the linear function of stream power by considering variables such as rainfall intensity, slope, and vegetation cover. Wang et al. [16] noted that the erosion rate could be effectively described using a power function of flow velocity through indoor simulated rainfall experiments. In summary, hydraulic parameters can be effectively characterized using either the linear or power function to describe soil erosion processes [17,18,19]. However, there is limited research on the impact of hydraulic parameters on nutrient loss. Guo et al. [20] found that the ratio of Manning’s roughness coefficient to the average flow depth is a reliable predictor of rill erosion and unit solute transport rate in both flume and field experiments. This suggests a substantial connection between hydraulic parameters and soil detachment, as well as nutrient transport. However, all these studies have drawn conclusions about the hydraulic characteristics based on the average state of the entire slope for the entire rainfall event. Slope overland flow, as a three-dimensional, nonconstant, and nonuniform variable flow, exhibits highly complex flow patterns. There is limited research on how hydraulic parameters influence the soil erosion process during rainfall events.



Slope and rainfall intensity are the two most crucial parameters influencing hydraulic parameters of overland flow [14,19,21,22]. Shen et al. [23] demonstrated that the slope flow velocity and Reynolds number exhibit upward trends with an increasing rainfall intensity and slope gradient. Guo et al. [20] observed a consistent rise in the flow velocity, runoff depth, and Reynolds number as rainfall intensity increased with inflow, coupled with simulated rainfall. Therefore, the purpose of this paper is threefold: 1. Investigate the impact of different slope gradients and rainfall intensities on hydraulic parameters, soil erosion rates, and ammonia nitrogen loss; 2. Develop predictive equations for hydraulic parameters, soil erosion rates, and ammonia nitrogen loss based on the slope and rainfall intensity; 3. Establish predictive equations for soil erosion rates and ammonia nitrogen loss based on hydraulic parameters, and compare the differences in predictive equations using average values and process values. This paper will help determine the optimal hydraulic parameters for more accurate predictions of soil erosion and nutrient loss rates.




2. Materials and Methods


2.1. Soil and Slope Preparation


This field experiment took place at HeLinGe’Er, Hohhot, Inner Mongolia, China (40°12′ N, 111°41′ E). The climate in this region is characterized as a temperate, semi-arid, continental monsoon climate, with an annual average temperature of 6.2 °C. The average annual rainfall is 392.8 mm, and the maximum daily rainfall is 99.1 mm. The runoff plots are 5 m wide and 10 m long, with slopes of 8.7%, 17.6%, 26.8%, and 36.4%, respectively. There is no vegetation growth on the slope, and no soil conservation measures have been implemented. Soil samples were collected at five locations on each runoff plot with an “S” shape, and measurements were taken for soil particle size, soil water content, bulk density, pH, organic matter, and total nitrogen content. Particle size analysis was conducted using a Malvern laser particle size analyzer. The results show that the soil contains 89.6% sand (>0.020 mm), 5.4% silt (0.02–0.002 mm), and 5.0% clay (<0.002 mm). According to the international soil texture classification standard, the soil in the study area is classified as sandy soil. Soil bulk density was measured using the cutting ring method. The soil pH value is determined by using a pH electrode to measure the suspension with a soil-to-water ratio of 1:2.5. The total nitrogen content and organic matter in the soil is measured using the semimicro Kjeldahl method and K2Cr2O7 oxidation at 180 °C, respectively. The basic physical and chemical properties of the soil samples are given in Table 1.




2.2. Rainfall Simulation


Rainfall simulation devices consist of a reservoir, pump, PVC pipes, nozzles, and runoff tank (Figure 1). Three-sided sprinkler nozzles are arranged every 5 m in each side. The opening angle of each nozzle ranges from 0 to 360°. The corner nozzles have a set angle of 90°, while the middle nozzles have a set angle of 180°. Each nozzle can be independently controlled for opening and closing, allowing for the adjustment of rainfall intensity by changing the number of nozzle switches and flow rates. Before each rainfall simulation, rainfall intensity is calibrated using 20 cm diameter runoff buckets. Forty runoff buckets are placed on the slope for each calibration, subject to a 15 min rainfall period for the calculation of both rainfall intensity and uniformity. The calibration will be stopped only when the difference between the actual and set rainfall intensities is within 5%, and the measured rainfall uniformity exceeds 85%, thereby satisfying the requirements of simulated rainfall. The median raindrop diameter is determined using the speckle method and is found to be 1.4 mm. The rainfall height is set at 3.2 m. According to the modified Newton formula, raindrops could reach their terminal velocities before hitting the ground. The calculated rainfall kinetic energy is 13.52 J m−2. The rainfall intensities are 25, 50, and 75 mm h−1, with a rainfall duration of 50 min. Based on long-term rainfall data, the return periods are 0.16, 1, and 3.57 years, respectively, reflecting different rain intensities (moderate, heavy, and storm) in this region.




2.3. Experimental Procedure


The simulated rainfall experiment involved three rainfall intensities (75, 50, and 25 mm h−1) and four slope gradients (8.7%, 17.6%, 26.8%, and 36.4%). A rake was used to level and roughen the slope surface. To ensure consistent initial moisture content on the slope, rainfall at an intensity of 20 mm h−1 was applied until the initial generation of runoff 12 h before the actual rainfall. One hour before the start of rainfall, dissolved urea was evenly sprayed on the slope. The amount of urea applied followed local corn planting standards, amounting to 0.03 kg m−2. The simulated rainfall was conducted at 6 a.m. to eliminate the influence of wind.



During simulated rainfall, the times of initial runoff were recorded, and runoff samples were collected in small buckets for one minute. Subsequently, runoff samples were collected every 5 min, with a sampling duration of one minute each time. After the formation of a continuous and stable flow, KMnO4 was used as a tracer to measure the average flow velocity at 4–6 m on the slope. To minimize the impact of the tracer on the ammonia nitrogen concentration, flow velocity measurements were generally conducted after the collection of runoff samples. After rainfall completion, the water level in the small buckets was measured to calculate the volumes of runoff samples. After a 3 h settling period, 50 mL of the supernatant was taken and placed in a refrigerator at 0–4 °C for subsequent chemical analysis. After discarding a portion of the supernatant, the water–sediment mixture was dried and weighed to calculate the sediment content. The ammonium nitrogen concentration in the runoff was measured using a UV spectrophotometer.



After each rainfall event, the top 20 cm of soil was removed and backfilled with local topsoil. Settlement treatment was applied to the slope at a rainfall intensity of 20 mm h−1, and after stabilization, the next round of rainfall was initiated. Each treatment was repeated three times.




2.4. Equations and Statistical Analysis


2.4.1. Soil Loss Rate and Ammonia Nitrogen Loss Rate


The soil loss rate refers to the mass of soil lost per unit area per unit time and can be calculated using the sediment content and runoff rate:


   S r  =  S c  ×  R r   



(1)




where Sr refers to soil loss rate (g m−2 min−1), Sc refers to sediment concentration (g L−1), and Rr represents runoff rate (mm min−1). The ammonia nitrogen loss rate represents the mass of ammonium nitrogen lost per unit area per unit time through runoff. It can be calculated using the ammonia nitrogen concentration and runoff rate:


   N r  =  N c  ×  R r   



(2)




where Nr is the ammonia nitrogen loss rate (mg m−2 min−1) and Nc is the ammonia nitrogen concentration in runoff.




2.4.2. Hydraulic Parameters


The flow velocity measured using a tracer is considered as the surface flow velocity. The average flow velocity can be calculated using the following formula:


  v = k  v s   



(3)




where v is the average velocity (m s−1), vs is the surface flow velocity (m s−1), and k is the correlation coefficient, which is 0.67 for laminar flow (Re < 500), 0.70 for transitional flow (500 < Re < 2000), and 0.80 for turbulent flow (Re > 2000).



The flow depth is a key parameter that reflects the hydrodynamic characteristics of the slope. However, it is hard to use traditional methods to accurately measure flow depth due to its very small value. In general, flow depth is derived through calculations involving the average flow velocity of runoff and unit discharge. For similarity, it is assumed that the slope runoff depth is uniformly distributed along the slope, and it can be expressed as follows:


  h =  q v   



(4)




where h is the flow depth (m) and q is the unit discharge (m2 s−1). The Reynolds number can be expressed as:


   R e  =    R h  v  μ   



(5)




where Re is the Reynolds number and Rh is the hydraulic radius (m), which can be approximated as the flow depth when the flow depth is small. μ is kinematical viscosity (m2 s−1), which can be calculated using the following formula:


  μ =   0.01775   ( 1   + 0.0337   T   +   0.000221    T 2  )    



(6)




where T is the water temperature (°C). The Froude number for slope flow can be expressed as:


   F r  =  v    g  R h       



(7)




where Fr is the Froude number and g is the gravitational acceleration (m s−2). The shear stress can be expressed as:


  τ = ρ g  R h  J  



(8)




where τ is the shear stress (Pa), ρ is the water density (kg m−3), and J is the hydraulic gradient. The stream power can be expressed as:


  ω = τ v  



(9)




where ω is the stream power (N m−1 s−1). The unit stream power can be expressed as:


  P = v J  



(10)




where P is the unit stream power (m s−1). The unit energy can be expressed as:


  E =    v 2    2 g   + h  



(11)




where E is the unit energy of cross section (m), which is the sum of water potential energy and kinetic energy.




2.4.3. Statistical Analysis


The significance of the impacts of the slope gradient and rainfall intensity on flow hydraulic parameters was analyzed using SPSS 25.0 at the 0.05 significance level with the one-way analysis of variance. The correlation between the slope gradient, rainfall intensity and hydraulic parameters, soil loss rate, ammonia nitrogen loss rate; and the correlation between soil loss rate, ammonia nitrogen loss rate, and hydraulic parameters were all analyzed using SPSS 25.0 at the 0.01 significance level. The coefficient of determination (R2) and root mean square error (RMSE) were applied to evaluate the performance of these correlations, which can be expressed as:


   R 2  =         ∑  i = 1  n   (  o i  −  o m  ) (  p i  −  p m  )      2      ∑  i = 1  n     (  o i  −  o m  )  2    ∑  i = 1  n     (  p i  −  p m  )  2         



(12)






  R M S E =         ∑  i = 1  n   (  o i  −  p i  )    2   n     



(13)






  M A E =     ∑  i = 1  n   |  o i  −  p i  |    n   



(14)






  M B E =     ∑  i = 1  n   (  p i  −  o i  )    n   



(15)






  W I A = 1 −     ∑  i = 1  n     (  o i  −  p i  )  2        ∑  i = 1  n   ( |  p i  −  o m  |   + |  o i  −  o m  |  ) 2     



(16)




where n is the total number of the data points, oi is the observed value at time i, om is the average observed value, pi is the predicted value at time i, and pm is the average predicted value.






3. Results


3.1. Flow Hydraulic Parameters


3.1.1. Flow Velocity and Flow Depth


The responses of the average flow velocity to the slope gradient and rainfall intensity were shown in Figure 2a. Under a rainfall intensity of 75 mm h−1, the runoff velocities for slopes of 8.7%, 17.6%, 26.8%, and 36.4% were 0.114 m s−1, 0.156 m s−1, 0.173 m s−1, and 0.188 m s−1, respectively. The results indicated that the overland flow velocity increased with the slope, and similar trends were observed at other rainfall intensities. The analysis of variance revealed that under a rainfall intensity of 75 mm h−1, the flow velocity significantly increased with an increase in the slope gradient (p < 0.05). At 50 mm h−1, only the flow velocities on 17.6% and 26.8% slopes did not exhibit significant differences. However, at a rainfall intensity of 25 mm h−1, except for the 36.4% slope where the velocity was significantly greater than that of the 8.7% slope, there were no significant differences in the other groups. This suggested that an increasing flow velocity with an increase in the slope gradient may be influenced by the rainfall intensity. Additionally, the flow velocity also showed significant increases with an increase in the rainfall intensity (p < 0.05). According to that, the flow velocity change with the slope gradient and rainfall intensity can be described as follows:


  v = 0.013  r  0.691    G  0.306   (  R 2  = 0.979 , n = 12 , R M S E = 0.007 )  



(17)




where r is the rainfall intensity (mm h−1) and G is the slope gradient (%). The fitting results indicated that the flow velocity, rainfall intensity, and slope gradient were highly (R2 = 0.979) and significantly (p < 0.01) related. The rainfall intensity and slope gradient were good predictors of overland flow velocity, with the MAE, MBE, and WIA being 0.0047, −0.0001 and 0.995 (Table 2).



With an increase in the slope gradient, the overall trend of flow depth generally decreased. For instance, at a rainfall intensity of 75 mm h−1, the average flow depth of an 8.7% slope was 1.27 mm, which was 1.27, 1.38, and 1.48 times the flow depths at slopes of 17.6%, 26.8%, and 36.4%, respectively (Figure 2b). Under rainfall intensities of 75 and 50mm h−1, the flow depth tended to significantly decrease with an increase in the slope gradient (p < 0.05). However, at a rainfall intensity of 25 mm h−1, the flow depths were 0.390 mm and 0.399 mm for 8.7% and 36.4% slopes, respectively, indicating that there was not an evident change in the water depth with an increasing slope. Thus, the relationship between ground slope and flow depth varied with changes in the rainfall intensity. On an 8.7% slope, the flow depths were 0.389 mm and 1.275 mm under rainfall intensities of 25 and 75 mm h−1, suggesting a significant increase with an increase in the rainfall intensity (p < 0.05). Therefore, the relationship between flow depth, slope gradient, and rainfall intensity was established as follows:


  h = 0.022  r  0.817    G  − 0.212   (  R 2  = 0.949 , n = 12 , R M S E = 0.072 )  



(18)







The fitting results indicated that the flow depth, rainfall intensity, and slope gradient were highly (R2 = 0.979) and significantly (p < 0.01) related. The rainfall intensity and slope gradient were good predictors of flow depth, with the MAE, MBE, and WIA being 0.1877, −0.1877 and 0.962 (Table 2).




3.1.2. Flow Regime


The Reynolds number ranged from 20.57 to 141.69 (Figure 3a), indicating that the overland flow was laminar under all treatments of rainfall intensity and slope gradient. At a rainfall intensity of 25 mm h−1, the Reynolds number ranged from 20.57 to 29.97. This suggested that under the same rainfall intensity conditions, there was not a significant change in the Reynolds number with an increasing slope, which could be also found under rainfall intensities of 75 and 50 mm h−1. The Reynolds numbers were 20.57, 77.26, and 127.47 under rainfall intensities of 25, 50, and 75 mm h−1 on an 8.7% slope, respectively, indicating an increase with the increase in rainfall intensity.



The Froude number was found to increase with an increase in the slope gradient (Figure 3b). The Froude numbers were 1.02, 1.57, 1.83, and 2.05 for 8.7%, 17.6%, 26.8%, and 36.4% slopes under a rainfall intensity of 75 mm h−1. Under the conditions of a 25 mm h−1 rainfall intensity and an 8.7% slope gradient, the Froude number was 0.98, which is less than 1, indicating that the overland flow was subcritical flow. In the remaining treatments, the Froude number was greater than 1, indicating that the overland flow of these treatments was supercritical flow. The Froude number also increased with an increase in the rainfall intensity, and the magnitude of increase grew with the increase in slope.




3.1.3. Shear Stress, Stream Power, Unit Stream Power, and Unit Energy


The shear stress ranged from 0.33 to 1.09, 0.65 to 1.73, 1.14 to 2.42, and 1.42 to 3.06 Pa, respectively, under slope gradients of 8.7%, 17.6%, 26.8%, and 36.4% (Figure 4a). The results indicated that shear stress significantly increased with an increase in the slope gradient (p < 0.05). Additionally, shear stress also significantly increased with an increase in the rainfall intensity (p < 0.05). Therefore, the shear stress can be predicted using the product of rainfall intensity and slope power function, as shown in the following equation:


  τ = 0.326  r  0.707    G  0.778   (  R 2  = 0.981 , n = 12 , R M S E = 0.125 )  



(19)







The equation indicated that the shear stress, rainfall intensity, and slope gradient were highly and significantly (p < 0.01) related. The rainfall intensity and slope gradient were good predictors of shear stress (RMSE = 0.125).



The average stream power of a 36.4% slope was 0.576 N m−1 s−1, which was 4.62, 2.14, and 1.37 times of those of 8.7%, 17.6%, 26.8% treatments under 75 mm h−1 (Figure 4b), respectively, showing a significant increase with an increase in the slope gradient (p < 0.05). There was a similar trend in other rainfall intensities. The relationship between slope gradient and stream power varied with changes in the rainfall intensity. The increasing speed of stream power was notably faster at a rainfall intensity of 75 mm h−1 compared to the other two rainfall intensities. Moreover, the average stream power significantly increased with an increase in the rainfall intensity (p < 0.05). The relationships between average stream power, rainfall intensity, and slope gradient could also be expressed as the product of the rainfall intensity and slope power function:


  ω = 0.005  r  1.353    G  1.074   (  R 2  = 0.997 , n = 12 , R M S E = 0.011 )  



(20)







The patterns of change in the average unit stream power and unit energy with the slope gradient were similar to those of average stream power and shear stress, with an increase when the slope gradient increased (Figure 4c,d). The average unit stream power significantly increased with the increase in slope under the same rainfall intensity (p < 0.05). However, in terms of average unit energy, there was generally no significant difference in the average unit energy among different slopes under rainfall intensities of 50 and 25 mm h−1. Additionally, the average unit stream power and unit energy significantly increased with an increase in the rainfall intensity (p < 0.05). The relationships between unit stream power, unit energy, rainfall intensity, and slope gradient could also be expressed as follows:


  P = 0.013  r  0.705    G  1.329   (  R 2  = 0.995 , n = 12 , R M S E = 0.002 )  



(21)






  E = 3.215 ×   10   − 5    r  1.07    G  0.209   (  R 2  = 0.993 , n = 12 , R M S E = 6.78 ×   10   − 5   )  



(22)








3.1.4. Soil Loss Rate and Ammonia Nitrogen Loss Rate


The average soil loss rate and total soil loss increased with an increase in the slope gradient under the same rainfall conditions (p < 0.05). In instances of high rainfall intensity and steep slopes, there were notable fluctuations in the soil loss rates (Figure 5). This phenomenon may be attributed to the smoothing of the soil surface, nonuniform infiltration on the slope, and limited connectivity of flow. With the generation of runoff, a portion of the surface soil on the slope is carried away, resulting in a reduction in surface roughness and a smoothing of the slope. This protects the soil from erosion but simultaneously reduces the resistance to overland flow on the slope, increasing kinetic energy and consequently raising the sediment transport rate [24,25,26]. Nonuniform infiltration on the slope can impact the formation of continuous overland flow, similarly leading to fluctuations in sediment transport rates [27]. The results showed that the soil erosion rate significantly increased with an increase in the rainfall intensity (p < 0.05). For instance, the average soil erosion rate was 188.56 g m−2 min−1 at a 36.4% slope, which was 146.70 g m−2 min−1 larger than that of an 8.7% slope treatment under a 75 mm h−1 rainfall intensity. Therefore, the relationships between average soil loss rate, rainfall intensity, and slope gradient could also be expressed as follows:


   S r  = 0.095  r  2.06    G  1.28   (  R 2  = 0.990 , n = 12 , R M S E = 6.46 )  



(23)







The average ammonia loss rate and total ammonia loss quantity exhibited a significant rise with an increase in the slope gradient under the same rainfall conditions (p < 0.05). There was a noticeable fluctuation in the ammonia nitrogen loss rate (Figure 5). This may be attributed to the continuous decrease in nutrient concentration in the runoff. Furthermore, the results indicated a substantial increase in the average ammonia nitrogen loss rate and total ammonia nitrogen loss with a rise in the rainfall intensity (p < 0.05). For instance, at a slope of 36.4%, the average ammonia loss rate was 3.56 mg m−2 min−1, which was 2.24 mg m−2 min−1 higher than that observed in the 8.7% slope treatment under a 75 mm h−1 rainfall intensity. Consequently, the relationships between average ammonia nitrogen loss rate, rainfall intensity, as well as slope gradient could be expressed as follows:


   N r  = 0.014  r  1.44    G  0.67   (  R 2  = 0.984 , n = 12 , R M S E = 0.145 )  



(24)








3.1.5. Relationship between Hydraulic Parameters, Soil Erosion Rate, and Ammonia Nitrogen Loss Rate


An analysis was conducted on the influence of shear stress, hydraulic power, unit hydraulic power, and unit energy on soil erosion rates, as well as the impact of their respective averages on the average soil erosion rate (Figure 6). The results indicated that soil erosion rates could be described by the power function of shear stress, hydraulic power, unit hydraulic power, and unit energy, with the R2, MAE, MBE, and WIA ranging from 0.748 to 0.909, 12.024 to 22.2258, −2.648 to −0.289, and 0.926 to 0.976, respectively (Table 3). Similarly, the average soil erosion rate also showed a power relationship with the average shear stress, hydraulic power, unit hydraulic power, and unit energy, with the R2, MAE, MBE, and WIA ranging from 0.823 to 0.980, 5.430 to 18.788, −2.490 to 0.043, and 0.951 to 0.995, respectively. This suggested that the hydraulic parameters were good indicators of either average or process soil erosion rates. For both the average values and process values, the fitting performance of stream power was optimal (R2 = 0.980 and 0.909, respectively), indicating that stream power could serve as a characteristic parameter for predicting soil erosion rates. It could also be concluded that the coefficients of the average values were smaller than those of process values. For instance, the equation coefficients of the average shear stress were 13.4 and 2.359, respectively, which were smaller than those of the process values, namely, 13.7 and 2.328, respectively.



In contrast to the relationships between hydraulic parameters and soil loss rates, the ammonia nitrogen loss rate showed a linear increasing trend with the increase in shear stress, hydraulic power, unit hydraulic power, and unit energy (Figure 7). For the average ammonia nitrogen loss rate, the R2, MAE, MBE, and WIA ranged between 0.714 and 0.933, 0.2070 and 0.4374, −0.0023 and 0.0002, and 0.910 and 0.982, respectively (Table 4), while for the process value, the R2, MAE, MBE, and WIA ranged between 0.450 and 0.587, 0.6071 and 0.6966, −0.0012 and 0.0005, and 0.785 and 0.857, respectively. The results indicated that the hydraulic parameters were good indicators of the average ammonia nitrogen loss rate, and the best predictor was the stream power. However, the hydraulic parameters may not be appropriate to predict the process values.






4. Discussion


4.1. Impact of Slope Gradient and Rainfall Intensity on Flow Hydraulic Parameters


Overland flow encounters resistance along the upslope direction and gravitational forces along the downslope direction. With an increase in the slope, the gravitational force component grows, leading to an enhanced downslope flow velocity [28,29] (Figure 2). This observation aligns with the prior study’s findings [29]. However, as depicted in Figure 2, under a low rainfall intensity, the change in the slope flow velocity with an increasing slope is negligible. This may be attributed to the smaller runoff volume and relatively lower flow velocity values associated with a low rainfall intensity. Simultaneously, the resistance on the slope is higher, resulting in a uniform or decelerated flow along the slope. In such scenarios, the impact of the slope on the runoff velocity is minimal [28,30,31]. The runoff velocity is directly proportional to the product of the power function of slope and the power function of rainfall intensity, consistent with earlier research findings [32]. Equation (4) indicates that the slope flow depth is primarily influenced by flow velocity and unit discharge. As the slope increases, the unit discharge also rises. As discussed earlier, the runoff velocity also experiences an increase. For rainfall intensities of 75 and 50 mm h−1, the runoff depth decreases with an increasing slope, likely due to the predominant effect of an increased flow velocity with slope. This is in accordance with previous findings [33]. However, when the rainfall intensity is 25 mm h−1, the variation in flow depth is not significant. This might be attributed to the minimal changes in the flow velocity and unit discharge with slope under low rainfall intensity conditions. Under the same slope conditions, the rainfall intensity significantly increases the runoff volume, consequently leading to a higher runoff velocity and water depth [23,34].



Shear stress, stream power, unit stream power, and unit energy also increased with the slope gradient and rainfall intensity. According to Equation (8), it can be inferred that shear stress is primarily associated with the hydraulic gradient and hydraulic radius. The hydraulic gradient of runoff increases with the increase in slope, while the hydraulic radius gradually decreases with the increase in slope (Figure 2b). This indicates that the hydraulic gradient has a major impact on shear stress. This relationship can also be derived through Equation (17), where the coefficient G is −0.212; multiplying this by the hydraulic gradient gives the coefficient of G in the shear stress fitting equation as 0.778. Similarly, the stream power, unit stream power, and unit energy can all be expressed as functions of the flow velocity, water depth, and hydraulic gradient, which are all positively correlated with the slope. Considering the relationships between the hydraulic parameters, rainfall intensity, and slope, it is noted that the stream power has the fastest growth rate with an increasing rainfall intensity, followed by unit energy, shear stress, and unit stream power. Meanwhile, with an increasing slope, the fastest growth rate is observed for unit stream power, followed by stream power, shear stress, and unit energy.




4.2. Impact of Slope Gradient and Rainfall Intensity on Soil and Ammonia Nitrogen Loss


The increase in slope enhances the flow velocity, facilitating easier water movement and augmenting the kinetic energy of the flow, leading to a stronger shear stress and stream power, prompting the movement of soil particles [35]. Simultaneously, the heightened slope increases the gravitational force along the slope, amplifying the impact force of water flow, resulting in more substantial erosive effects on the soil surface. An increasing slope also results in an elevated nutrient loss rate. This is primarily attributed to the reduction in slope surface infiltration and the subsequent increase in runoff [11,22], thereby amplifying the carrier for nutrient transport [36]. Additionally, the increase in slope enhances the surface flow velocity, leading to an escalated erosive force and turbulence in the runoff [20,23]. This heightened flow velocity increases the possibility of nutrients from the soil entering the runoff and being carried away by it [37].



With the rise in rainfall intensity, more runoff is generated, increasing the erosive capability of overland flow as the larger runoff carries away more soil particles [24,38,39]. Furthermore, the heightened rainfall intensity induces more intense raindrop impact, with larger raindrops striking the soil surface at higher speeds, causing more soil erosion and accelerating the processes of soil loss. Generally, a higher rainfall intensity is associated with lower nutrient concentrations in the runoff. This is primarily because a greater rainfall intensity implies a larger volume of runoff, typically resulting in the dilution of nutrient concentrations [40]. Additionally, it is worth noting that a higher rainfall intensity usually corresponds to larger products of runoff rate and nutrient concentration, aligning with our research findings [41].




4.3. The Relationship between Soil Loss, Ammonia Nitrogen Loss and Hydraulic Parameters


Our research indicates that the soil erosion rate follows a power function growth with hydraulic parameters, which is consistent with the earlier research findings [15,16]. However, some studies suggest that sediment loss increases exponentially with shear stress, while others show power or linear trends. Section 4.1 highlighted the inconsistencies in the rates at which hydraulic parameters increase with the rainfall intensity and slope. As the slope increases from sheet erosion to the formation of rill erosion, the soil erosion rate undergoes significant changes, showing exponential or power function growth trends. However, when only sheet erosion or interrill erosion occurs, the soil loss rate changes more steadily, and a linear function may be more appropriate. Our study demonstrates that hydraulic parameters can effectively fit the average soil loss rate and process soil erosion rate, with the R2, MAE, MBE, and WIA ranging from 0.748 to 0.980, 5.430 to 22.258, −2.490 to 0.043, and 0.926 to 0.995, respectively, indicating that hydraulic parameters can act as characteristic parameters for soil erosion rates. For both the average soil erosion rate and process soil erosion rate, stream power emerges as the optimal parameter, with an R2 of 0.980 and 0.909, respectively. Coefficients for the average soil erosion rate and process soil erosion rate differ, with the constant and exponent for average soil erosion rate being smaller compared to process quantities. This may be attributed to averaging the mitigating peak soil erosion rates.



For the ammonia nitrogen loss rate, hydraulic parameters exhibit a good linear relationship with the average ammonium nitrogen loss rate, with the R2, MAE, MBE, and WIA ranging from 0.714 to 0.933, 0.207 to 0.437, −0.002 to 0.0002, and 0.910 to 0.982, respectively, but this linear relationship has a relatively lower R2 in the process quantities. This may be caused by the fact that the ammonia nitrogen concentration gradually decreases over time, reaching a stable rate more slowly than hydraulic parameters [42]. This can lead to situations where hydraulic parameters show minimal change, but the ammonia nitrogen loss rate varies significantly, resulting in a more dispersed relationship. However, as analyzed earlier, the overall trend is that ammonia nitrogen loss rates increase with the slope gradient and rainfall intensity, which aligns with the changes in hydraulic parameters. Thus, hydraulic parameters can be utilized as characteristic indicators for representing average nutrient loss rates or the total amount of nutrient loss but may not be suitable for fitting process quantities.





5. Conclusions


In this study, we conducted simulated rainfall experiments to explore variations in flow hydraulic parameters, soil loss, and ammonia nitrogen loss processes under different slope gradients and rainfall intensities. Our results showed that under the same rainfall intensity, the flow velocity, shear stress, stream power, unit stream power, unit energy increased, average soil loss rate, and average ammonia nitrogen loss rate increased with the slope gradient, but flow depth decreased with the slope gradient. Given the same slope gradient, the hydraulic parameters, average soil loss rate, and average ammonia nitrogen loss rate all increased with the slope gradient. Furthermore, the hydraulic parameters, average soil loss rate, and average ammonia nitrogen loss rate could be described by the product of slope gradient and rainfall intensity power function. Stream power was found to be the best hydraulic predictor for estimating both the average soil loss rate and process soil loss rate (R2 = 0.980 and 0.909, respectively). The stream power could be used to predict the average ammonia nitrogen loss rate but may not be appropriate to predict the process ammonia nitrogen loss rate. Our results underscore the significant impacts of the slope gradient and rainfall intensity on the slope hydraulic parameters, and they advocate for the integration of flow hydraulic parameters in the development of models for predicting soil loss and nutrient loss.
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Figure 1. Sketch of the slope and simulated rainfall system. 
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Figure 2. Responses of average flow velocity and flow depth to the slope gradient and rainfall intensity: (a) flow velocity; (b) flow depth. 
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Figure 3. Responses of Reynolds number and Froude number to the slope gradient and rainfall intensity, (a): Reynolds number; (b): Froude number. 
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Figure 4. Responses of average shear stress, stream power, unit stream power, and unit energy to the slope gradient and rainfall intensity: (a) shear stress; (b) stream power; (c) unit stream power; (d) unit energy. 
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[image: Water 16 00230 g004]







[image: Water 16 00230 g005] 





Figure 5. Responses of soil loss rate and ammonia nitrogen loss rate to the slope gradient and rainfall intensity: (a) soil loss rate; (b) ammonia nitrogen loss rate; (c) total sediment losses; (d) total ammonia losses. 
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Figure 6. Average soil loss rate and soil loss rate as a function of the flow hydraulic parameters: (a,b) shear stress; (c,d) stream power; (e,f) unit stream power; (g,h) unit energy. 
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Figure 7. Average ammonia nitrogen loss rate and ammonia nitrogen loss rate as a function of the flow hydraulic parameters: (a,b) shear stress; (c,d) stream power; (e,f) unit stream power; (g,h) unit energy. 
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Table 1. Basic physical and chemical properties of the test soil samples.






Table 1. Basic physical and chemical properties of the test soil samples.





	
Soil Type

	
Soil Texture (%)

	
Soil Bulk Density (g cm−3)

	
pH

	
Organic Matter (g kg−1)

	
Total Nitrogen

(g kg−1)




	
Sand/% (2.0–0.02 mm)

	
Silt/% (0.02–0.002 mm)

	
Clay/% (<0.002 mm)






	
Sandy

	
89.6 ± 0.4

	
5.4 ± 0.4

	
5.0 ± 0.3

	
1.45 ± 0.09

	
8.40 ± 0.16

	
2.81 ± 0.07

	
0.166 ± 0.02











 





Table 2. Fitting statistical indicators of R2, MAE, MBE and WIA between the observed and predicted flow velocity, flow depth, shear stress, stream power, unit stream power, unit energy, soil loss rate, and ammonia nitrogen loss rate based on the slope gradient and rainfall intensity.






Table 2. Fitting statistical indicators of R2, MAE, MBE and WIA between the observed and predicted flow velocity, flow depth, shear stress, stream power, unit stream power, unit energy, soil loss rate, and ammonia nitrogen loss rate based on the slope gradient and rainfall intensity.





	Predicted Parameter
	R2
	MAE
	MBE
	WIA





	Flow velocity
	0.979
	0.0047
	−0.0001
	0.995



	Flow depth
	0.949
	0.1877
	−0.1877
	0.962



	Shear stress
	0.981
	0.0828
	0.0111
	0.995



	Stream power
	0.997
	0.0076
	0.0003
	0.999



	Unit stream power
	0.995
	0.0012
	0.0007
	0.998



	Unit energy
	0.993
	0.0000
	0.0000
	0.998



	Soil loss rate
	0.990
	4.4293
	0.7808
	0.997



	Ammonia nitrogen loss rate
	0.984
	0.1052
	−0.0443
	0.996










 





Table 3. Fitting statistical indicators of R2, MAE, MBE and WIA between the observed and predicted process soil loss rate and average soil loss rate based on the shear stress, stream power, unit stream power, and unit energy.






Table 3. Fitting statistical indicators of R2, MAE, MBE and WIA between the observed and predicted process soil loss rate and average soil loss rate based on the shear stress, stream power, unit stream power, and unit energy.





	
Predicted Parameter

	
Hydraulic Parameter

	
R2

	
MAE

	
MBE

	
WIA






	
Average soil loss rate

	
Average shear stress

	
0.937

	
10.596

	
−0.576

	
0.984




	
Average stream power

	
0.980

	
5.430

	
0.043

	
0.995




	
Average unit stream power

	
0.823

	
18.788

	
−1.369

	
0.951




	
Average unit energy

	
0.875

	
14.786

	
−2.490

	
0.967




	
Soil loss rate

	
Shear stress

	
0.844

	
16.070

	
−0.670

	
0.957




	
Stream power

	
0.909

	
12.024

	
−0.289

	
0.976




	
Unit stream power

	
0.748

	
22.258

	
−1.969

	
0.926




	
Unit energy

	
0.831

	
18.470

	
−2.648

	
0.954











 





Table 4. Fitting statistical indicators of R2, MAE, MBE, WIA, and WIA between the observed and predicted process ammonia nitrogen loss rate and average ammonia nitrogen loss rate based on the shear stress, stream power, unit stream power, and unit energy.






Table 4. Fitting statistical indicators of R2, MAE, MBE, WIA, and WIA between the observed and predicted process ammonia nitrogen loss rate and average ammonia nitrogen loss rate based on the shear stress, stream power, unit stream power, and unit energy.





	
Predicted Parameter

	
Hydraulic Parameter

	
R2

	
MAE

	
MBE

	
WIA






	
Average ammonia nitrogen loss rate

	
Average shear stress

	
0.807

	
0.4009

	
0.0004

	
0.944




	
Average stream power

	
0.933

	
0.2070

	
0.0002

	
0.982




	
Average unit stream power

	
0.714

	
0.4374

	
0.0002

	
0.910




	
Average unit energy

	
0.847

	
0.3238

	
−0.0023

	
0.958




	
Ammonia nitrogen loss rate

	
Shear stress

	
0.544

	
0.6201

	
0.0003

	
0.836




	
Stream power

	
0.587

	
0.6071

	
0.0004

	
0.857




	
Unit stream power

	
0.450

	
0.6966

	
0.0005

	
0.785




	
Unit energy

	
0.499

	
0.6868

	
−0.0012

	
0.809
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