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Abstract

:

Surface flow (SF) and subsurface flow (SSF) are important hydrological processes occurring on slopes, and are driven by two main factors: rainfall intensity and slope gradient. To explore nitrogen (N) migration and loss from sloping farmland in the Miyun Reservoir, the characteristics of total nitrogen (TN) migration and loss via SF and SSF under different rainfall intensities (30, 40, 50, 60, 70, and 80 mm/h) and slope gradients (5°, 10°, and 15°) were studied using indoor stimulated rainfall tests and mathematical models. Nitrogen loss via SF and SSF was found to increase exponentially and linearly with time, respectively, with SSF showing 14–78 times higher loss than SF. Under different rainfall intensities, SSF generally had larger TN loss loading than SF, thereby indicating that SSF was the main route for TN loss. However, the TN loss loading proportion via SF increasing from 14.03% to 35.82% with increasing rainfall intensity is noteworthy. Furthermore, compared with the measurement data, the precision evaluation index Nash-Suttcliffe efficient (NSE) and the determination coefficient (R2) of the effective mixing depth model in the numerical simulation of TN loss through SF in the sloping farmland in the Miyun Reservoir were 0.74 and 0.831, respectively, whereas those of the convection-dispersion equation for SSF were 0.81 and 0.811, respectively, thus indicating good simulation results. Therefore, this paper provides a reference for studying the mechanism of N migration and loss in sloping farmland in the Miyun Reservoir.
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1. Introduction


During the utilization of sloping farmland, abundant organic and inorganic fertilizers are often used to increase the output of crops. Since these fertilizers are easily washed away by hydraulic erosion, their absorption and utilization rates are low, which causes nutrient accumulation in the downstream water bodies. Additionally, rainfall erosion destroys the original soil structure, causing the loss of sediment and nutrients along with SF, thus generating severe non-point source pollution [1]. Moreover, soil nutrient loss caused by severe erosion directly threatens food and ecological environment security.



Sustained soil erosion results in the loss of valuable agricultural land and decreased crop yield. With the rapid growth of population, food demand is increasing day-by-day [2,3]. Conserving soil by controlling erosion is crucially important [4]. Therefore, understanding the laws and influencing factors of N loss on the soil of sloping farmland is highly significant for controlling soil and water loss as well preventing agricultural non-point source pollution.



SF and SSF are the main components contributing to runoff on the soil slope. Existing study results show that N loss associated with SSF contributes more to N migration and loss in sloping land, with SSF being the main determining factor. Hence, reducing SSF is vital for controlling N loss [5]. Topography and rainfall are the main natural factors causing loss of soil, water, and nutrients. Topography can be subdivided into factors including slope gradient, slope length, and micro-topography [6,7,8], while rainfall can be subdivided into rainfall intensity, rainfall volume, rainfall duration, raindrop kinetic energy, etc. [9,10] Among these factors, slope gradient and rainfall intensity have recently become the hot spots of research in China and abroad. The time of rainfall infiltration and SF rate are affected by slope gradient. N loss associated with SF significantly increases with increasing slope gradient, with the peak value occurring at a 10°–15° slope gradient, whereas N loss associated with SSF varies with the slope [11]. Furthermore, rainfall intensity generally impacts SF more than SSF, because SF is the first phase and is directly influenced by land cover. SF is more highly erosive than SSF and is more likely to attain high velocities. At low rainfall intensity, the erosion effect on the surface and N loss associated with SF are both small. However, as rainfall intensity increases, nutrient loss is aggravated, with the greatest loss risk occurring in the early stage. N loss associated with SSF increases with increasing rainfall intensity, in which SSF plays a major role [12].



Numerous studies have evaluated the characteristics of runoff generation and the related N and phosphorus (NP) loss to help reduce NP loss and prevent non-point source pollution. Furthermore, some scholars have studied this on different land use types in a certain area. For example, Zhou et al. monitored and studied the SF sediment yield of loess slopes under different vegetation cover types [13], while another study [14] evaluated the characteristics of NP loss associated with SF and SSF on different land types in the Hun-River Basin in Liaoning Province. Wang Guozhong et al. studied the NP loss on different land types in the mountainous areas of southwest Henan Province [15], whereas Lv Ting et al. explored the same along with SF in the catchment area of the Hexi Reservoir in Changxing County based on different land use types [16]. Additionally, some scholars have studied how different soil and water conservation measures have impacted runoff generation and NP loss. Wang Lei et al. studied how hedgerows controlled soil erosion and NP export from sloping farmland [17], while Wang Quanjiu et al. explored the impact of different vegetation cover types on runoff generation, sediment loss, and NP loss on loess slopes [18], and Choi et al. studied the control effect of vegetated filter strips (VFS) on NP pollution [19]. Field observation of runoff plots and artificial rainfall simulation are the most utilized study methods [20,21,22]. However, most studies have focused on the characteristics of the generation of SF and NP loss, with SF being the main research object [23,24]. Unfortunately, the proportion of SF and SSF loss along with the accompanying N loss from sloping farmland has received less attention. Although some studies have revealed that the migration characteristics of SF and SSF were quite different, how NP migration via SSF affects eutrophication cannot be ignored [25].



Numerical simulation of solute migration with SF under rainfall has become relatively mature [26,27,28,29]. In the 1980s, Ahuja [30] proposed the concept of effective mixing depth for the concentration of solutes carried by SF and established an ‘effective mixing depth’ model. Based on that model, Wang Quanjiu and Wang Hui, after accounting for soil infiltration, integrated the Philip infiltration equation [31] in the effective mixing depth model to establish complete and incomplete mixing depth models for solute migration to the surface on loess slopes. These models were verified using bromides as the solute samples and have been widely used in studying NP migration of practical pollutants. Unfortunately, they have rarely been used in the application of studies to sloping farmland. Due to the complex process and mechanism of the generation of SSF, very few numerical simulations of the process of N loss through SSF from sloping farmland exist. Currently, only the denitrification-decomposition (DNDC) model [32] has been improved and applied to the simulation of nitrate N leaching flux in SSF in sloping farmland. Therefore, in this paper, focusing on the dynamic N loss process occurring from sloping farmland to the surface and underground during rainfall, the current effective mixing depth model of the N migration and loss with SF was improved to help simulate N loss in the sloping farmland of the Miyun Reservoir. Furthermore, a numerical simulation of the migration process to the underground and loss occurring via SSF was carried out in combination with the convective-dispersion mathematical model. Thus, this provides a reference for establishing a complete and unified N loss mechanism in sloping farmland.




2. Materials and Methods


2.1. Test Soil


The test soil used to fill in runoff troughs was taken from the agricultural non-point source pollution prevention and control base in Taishitun Town, Miyun District, Beijing, China (117°6′42.08″ E, 40°32′22.02″ N). To ensure the maximum consistency between the test soil and the field soil layer, undisturbed soil moving was utilized to collect and bag soil in its original place every 5 cm from the ground surface, with a total of 10 layers being collected. The physical properties of soil in each layer were tested separately and then filled to the corresponding layer in the indoor runoff trough. During the filling process, the soil density was controlled to ensure consistency. Herein, a total of 10 layers were compactly filled with soil, respectively, with each layer a thickness of 5 cm to ensure the consistency of the soil bulk density. The soil was then put aside for 3–5 days to restore the soil’s natural characteristics before subjecting it to the rainfall test. The pH was 6.33, while the contents of organic matter, TN, available phosphorus, and available potassium were 9.97 g/kg, 0.448 g/kg, 4.55 g/kg, and 45.9 g/kg, respectively [24]. The methods used to determine the physical and chemical properties of the test soil are as follows, the organic matter, TN, available phosphorus, and available potassium content were determined via the potassium dichromate volumetry–outside heating method, sulfuric acid–catalyst digestion method, sodium hydroxide melting–Mo-Sb colorimetry, and sodium hydroxide melting–flame photometry, respectively. The pH was measured using digital RS485 pH meter (seed studio, China).




2.2. Test Devices and Materials


The movable hydraulic variable slope runoff trough used for this test was designed according to the effective rainfall area of the artificial rainfall device and was subsequently produced using a steel plate welding. Its dimensions were 200 cm × 50 cm × 60 cm (length × width × height). Two parallel runoff troughs with flexible slope gradients that could be adjusted from 0° to 30° were used for the parallel tests. The front, left, and right sides of the bottom of the troughs were equipped with extension troughs that were 3 cm high. The extensions had a small-aperture metal fine mesh laid inside to collect SSF, whereas SF was collected by the front catchment trough at the upper part of the soil trough. The rainfall device was equipped with a QYJY-502 portable automatic artificial rainfall simulation system (Xi’an Qingyuan Measurement and Control Technology Co., Ltd., Xi’an, China), with a rainfall height of 5 m and a rainfall uniformity coefficient above 80%, while the rainfall intensity continuously varied from 15 to 120 mm/h (Figure 1).




2.3. Experimental Design


The test was conducted at the simulation test base of the Beijing Academy of Agriculture and Forestry Sciences, Haidian District, Beijing, China, from June to October 2022. By combining the grading indices of slope surface erosion intensity specified in the Water Conservancy Industry Standard of the People’s Republic of China (SL190-2007) along with the local actual topography conditions, three slope gradients (5°, 10°, and 15°) were designed in the test. The rainfall intensity was set according to the local annual average rainfall and the difference between the rainstorm grades. A total of six rainfall intensities were prepared (30, 40, 50, 60, 70, and 80 mm/h). A total of 18 effective rainfall tests were conducted using a combination of three slope gradients and six rainfall intensities. The soil runoff troughs were covered with a waterproof cloth before each rainfall test, followed by calibrating the rainfall intensity. After the waterproof cloth was removed, the time taken to reach the target rainfall intensity and uniformity (>90%) was measured. A stopwatch was used to record the generation time of SF and SSF on the slope. The total collection time of the SF and SSF samples was 60 min, with samples collected and runoff flow measured every five min. The soil moisture content was monitored before each rainfall test to ensure the same initial soil moisture content in each test.




2.4. Data Acquisition and Analysis


The sampling time and the volume of the collected samples were recorded before the samples were taken back to the laboratory, where they were kept undisturbed to allow sedimentation. Then, the supernatant was poured into a clean polyethylene bottle and stored in a refrigerator at 4 °C for the TN concentration analysis, which was completed within 48 h. The TN concentration was determined via a discrete chemistry analyzer (Smart Chem 200, Alliance, Paris, France).



The loss loading was calculated according to the following equation:


  L = ∑    C i  ·  q  v i   ·  t i    S ×   10  5     



(1)




where, L refers to the TN loss loading (kg/hm2), S is the area of loss (m2), Ci is the TN loss concentration at the ith sampling (mg/L), qvi is the flow at the ith sampling (mL/s), and ti is the time interval between two samplings (s).



The values of loss concentration and loss loading were calculated using Microsoft Excel, while the data charts were drawn by Origin. The significance analyses of the TN loss through SF and SSF were conducted at a 95% confidence interval (p < 0.05) by the least significant difference (LSD) method in the Statistical Package for the Social Sciences (SPSS) software.




2.5. Numerical Simulation


In this paper, the mathematical model constructed and evaluated based on the test data mainly comprised two parts: (1) the upward migration of solutes from the soil surface to SF and (2) downward migration of solutes to the underlying soil and loss associated with SSF.



2.5.1. Theoretical Model


Model of Simulating N Loss through SF


For the numerical simulation of N migration and loss through SF in the sloping farmland, the effective mixing depth model was used:


  C  t  =  C 0  e x p   −     t −  t p    R    h m     θ s  +  ρ s  k        



(2)




where, hm stands for the effective mixing depth (cm), C is the lost solute concentration (mg/L), C0 is the solute concentration initially migrating to SF (mg/L), θS is the saturated water content (cm3/cm3), ρs is the soil bulk density (g/cm3), K is the soil adsorption coefficient (cm3/g), R is the rainfall intensity (cm/min), T is the rainfall time (min), and Tp is the runoff generation time on land surface (min).



Ahuja [30] found that the effective mixing depth increased with time, whereas the rate of increase decreased with time. A previous study found a trend in depth change of the mixing layer [33] with 32P and bromides taken as test materials. Herein, the continuous raindrops hitting the soil surface gradually increased the mixing depth, until a sealed water layer was formed on the soil surface after rainfall had formed stable runoff on it. This prevented the mixing depth from increasing, thereby reducing the increase rate. Therefore, the effective mixing depth was improved in this study, thereby allowing the establishment of an effective mixing depth model that is consistent with the changes previously proposed by Ahuja [30].


   h m  =  h 0  +  h n  I n     t −  t p     t  ,       + 1    



(3)




where, t’ stands for the rainfall duration (min), h0 is the initial mixing depth (cm), and hn is the basic mixing parameter (cm). By substituting Equation (3) in Equation (2), a revised concentration model of the solutes migrated and lost with SF was obtained.


  C  t  =  C 0  e x p   −     t −  t p    R      h 0  +  h n  I n     t −  t p     t  ,       + 1        θ s  +  ρ s  k        



(4)








Model of Simulating N Loss through SSF


A numerical simulation based on the traditional convection-dispersion mathematical model was carried out here with respect to the migration process of solutes in the soil. The equation is as follows:


    ∂  θ c     ∂ t    =  ∂  ∂  r i      θ  D  i j      ∂ c     ∂   r i        −   ∂  q i  C   ∂  r i     



(5)




where, θ denotes the volumetric soil water content (cm3/cm3), t denotes the rainfall time (min), Dij denotes the dispersion coefficient (cm2/min), C denotes the soil TN mass concentration (mg/cm3), Qi denotes the water flux (cm/min), and Ri denotes the spatial coordinate (i = 1, 2, r1 = x, r2 = z, D11 = Dxx, D12 = Dxz).



For the Equation (5) solution, a partial differential equation and the finite element meshes with the same scale as the tests were constructed on the HYDRUS-2D software. The convective-dispersion equation of TN migration in the soil was numerically calculated via the physico-chemical equilibrium transfer module nested by HYDRUS-2D, with an observation point correspondingly set at the SSF outlet to obtain the solute concentration carried by SSF. The parameter values in the calculation process are shown in Table 1. More specifically, ρs was the soil bulk density (1.16 g/cm3). θs and θr were given initial values by the Rosetta model according to the measured soil particle distribution, followed by adjustment and correction of the simulation process. k was determined by applying the linear isothermal adsorption method. DL and DW indicate the longitudinal dispersion of TN and the diffusion coefficient in free water, respectively, which were determined through backward deduction based on the simulation results.





2.5.2. Verification and Evaluation of the Model


In addition to the visual comparison between the measured values and the simulated values using graphics, three precision indices: (1) the mean absolute error (MAE), (2) root mean square error (RMSE), and (3) Nash–Suttcliffe efficient (NSE), were used to evaluate the precision of the simulation results. The equations are:


   M A E =      ∑  i = 1  n     P i  −  Q i       n     R M S E =      ∑  i = 1  n       P i  −  Q i     2   n       N S E = 1 −    ∑  i = 1  n       Q i  −  P i     2     ∑  i = 1  n       Q i  −  Q ¯     2      



(6)




where, n is the number of samples, i = 1, 2,..., n. Additionally, Pi refers to the simulated value, Qi stands for the measured value, and Q is the mean value of the measured value. Among them, the optimal MAE and RMSE values are 0, while the optimal value of NSE is 1.






3. Results


3.1. Characteristics of TN Loss through SF


Figure 2 shows that the TN concentration that migrated with SF under different rainfall intensities and slope gradients exponentially increased with time, along with a sharp increase at the initial stage of runoff generation, followed by stabilization later. When rainfall intensity was ≤40 mm/h, the TN concentration in SF decreased with the increasing slope gradient, which was mainly due to the small rainfall intensity and insufficient erosion force on the soil, thereby resulting in TN being slowly dissolved and released. Additionally, although the increase in SF enhanced the erosion force, it also led to shorter contact between SF and the soil. Although this did not increase the TN concentration, it instead slowly declined. However, when the rainfall intensity was set to >40 mm/h, the TN concentration in SF increased with the increasing slope gradient. This was mainly because TN was adsorbed on the surface of soil particles during the early stage of SF and with the passage of rainfall time, SF gradually increased and fully interacted with the soil, thereby increasing the TN loss. Then, with the TN loss from the surface soil, the TN content in SF gradually decreased and finally steadied with the SF stability. Furthermore, at the same slope gradient, the rainfall intensity was larger and the TN concentration was higher in SF. The reason is that the soil moisture content at the initial stage of rainfall was low, which caused greater rainwater absorption by the surface soil, thereby generating a small SF. As the surface soil moisture content became saturated, SF gradually increased, generating larger soil erosion intensity and ultimately higher TN loss.




3.2. Characteristics of TN Loss through SSF


Figure 3 reveals that the error value of the measured TN concentration carried by SSF was much higher than that in Figure 2, thus showing the complexity and uncertainty of the SSF process. The variation of TN loss concentration in SSF with time under different rainfall intensities and slope gradients is shown as follows: (1) In the early stage of SSF, TN concentration first slightly increased and then decreased, which was due to the small flow and the high concentration of free TN in soil. (2) The curves in the middle stage of SSF showed an upward trend until it stabilized at a later stage. With the rainfall intensity ≤40 mm/h, the TN concentration in SSF generally increased with the increasing slope gradient. This happened because a larger slope facilitated water flow and enhanced the contact between water and soil particles, thereby dissolving and causing loss of N fixed on the surface of soil particles, which ultimately created a relatively high TN concentration in SSF. Contrastingly, when the rainfall intensity was >40 mm/h, the TN concentration in SSF generally decreased with the increasing slope gradient, mainly because the great rainfall intensity increased the SSF, which caused the dilution effect.



However, with the same slope gradient, the TN concentration in SSF generally increased with the increasing rainfall intensity, which was because: (1) SSF played a leading role when the rainfall intensity was small. With greater rainfall intensity, greater SSF was generated, which accelerated N loss, and dissolved and moved the non-free N in the soil more quickly. Therefore, the greater the rainfall intensity, the earlier the fluctuation of the concentration curve of TN loss through SSF would start. (2) After a period of SSF generation, the generation of SF lasted for 60 min and the rainfall stopped, which cut off the rainwater supply at the upper part of the SSF, thereby reducing the SSF accordingly, and ultimately increasing the TN loss concentration in the relative SSF.




3.3. Comparison of TN Loss between SF and SSF


As shown in Table 2, the TN concentration carried by SSF under the same treatment was significantly higher (p < 0.05) than that of TN loss through SF. More specifically, the TN loss concentration with SSF under each treatment was 14–78 times higher than that of SF, which indicated that the TN loss on the slope of sloping farmland was mainly caused by SSF. Under different rainfall intensities and slope gradients, the TN loss through SSF accounted for 87.03–99.86% of the total TN loss in the runoff, which was due to the dual impact of runoff and the associated soil area contact. However, the TN loss through SF accounted only for 0.13–12.97% of the total amount. Therefore, it can be seen that during the implementation of prevention and control activities of agricultural non-point source pollution on sloping farmland, the control of SSF generation, and consequently the soil TN loss, is crucial in reducing the N loss on the sloping farmland. Under different slope gradients, the TN loss proportion through SSF to that through runoff increased with the increasing rainfall intensity, with the maximum being reached at 80 mm/h. This was because the increasing rainfall intensity had a greater impact on SF than SSF, which increased the SF rate, thereby causing greater erosion effect on the surface soil on the slope, ultimately resulting in more N being taken away by SF. Therefore, under different rainfall intensities, no obvious law was observed on the impact of slope factors on the TN loss proportion through SF to that through runoff.




3.4. TN Loss Loading of SF and SSF


Figure 4 shows that the cumulative TN loss loading of SF and SSF increased linearly over time. The larger the rainfall intensity, the larger the TN loss rates with SF and SSF. In combination with the average loss loading under each treatment in Table 2, the main migration paths of TN concentration under different treatments involved significantly greater loss loading via underground loss than through the surface (p < 0.05). Under the rainfall intensity of 30–80 mm/h, SSF had greater N loss loading than SF. However, with the rising rainfall intensity, the TN loss loading proportion via SF increased from 14.03% to 35.82%. This indicated that with the rising rainfall intensity, N loss was more likely to be via SF.




3.5. Numerical Simulation of SF and SSF


As seen in Figure 2, the change of the simulated values of the TN concentration migrating with SF at small rainfall intensities was consistent with the measured values, with the determination coefficient (R2) reaching 0.9539, 0.9015, and 0.9480, respectively. The Nash–Suttcliffe efficient NSEs were 0.73, 0.75, and 0.95, respectively, at the slope gradients of 5°, 10°, and 15°, with a rainfall intensity of 30 mm/h (Table 3), thereby indicating that not only were the simulation results good, but also the MAE and RMSE values were within a reasonable range. However, the precision of the simulation results decreased with the increasing rainfall intensity, which was mainly because the measured initial loss concentration under great rainfall intensities was small and the TN concentration rapidly stabilized, thus causing an insignificant concentration increase in the actual measurement. Therefore, there was a large error between the exponential decline trend simulated by the model and changes in the measured values. A negative NSE value denoted a poor simulation effect. Nevertheless, NSE was only a part of the evaluation of the simulation results and the MAE and RMSE values and R2 should be considered. At the rainfall intensities of 30 and 40 mm/h, the MAE and RMSE values were close to the optimal value of 0, while R2 reached 0.8 and 0.5, respectively, which indicated that the simulation results were acceptable. The simulated and measured values of the surface loss concentration are shown in a scatterplot (Figure 5a). The linear fitting relationship line between the two was y = 1.0656x + 0.2871 and R2 was 0.83 after linear regression, which was very close to the 1:1 line. Additionally, MAE, RMSE, and NSE were 0.95 mg/L, 1.54 mg/L, and 0.74, respectively. In general, the revised effective mixing depth model presented good simulation results when simulating N migration and loss with SF in the sloping farmland in the Miyun Reservoir.



Figure 3 showed that the change in trend of the simulated values of the TN concentration loss process carried by SSF under each treatment generally matched the measured values. However, the R2 value fluctuated greatly (minimum of 0.21 and a maximum of 0.76), which was related to the large error between the measured values and simulated values. The NSE values shown in Table 3 also demonstrated fluctuations between positive and negative values under various rainfall intensities and slope gradients, thereby suggesting that the simulation results of TN concentration carried by SSF were as complex and uncertain as the actual loss process. According to the linear regression of the scatter plot of the simulated and measured values of TN concentration carried by SSF shown in Figure 5b, y = 0.8257x + 10.766 was obtained and R2 was 0.81, which was also very close to the 1:1 line, with MAE, RMSE, and NSE being 24.99 mg/L, 39.25 mg/L, and 0.81, respectively, thus indicating a good fitting result. Although the MAE and RMSE values of the underground loss simulation results were >25 times those of the surface loss, the error values under each treatment (Table 3) were considered to be within the permissible range, as the TN concentration of groundwater loss was 14–78 times higher than that of surface loss. By comparing the simulation results of TN loss through SF and SSF under various rainfall intensities and slope gradients, the simulation precision on the surface was found to decrease with the increasing rainfall intensity, while the precision underground fluctuated and was uncertain. In conclusion, the simulation precision was satisfactory.





4. Discussion


Based on the measured data of the rainfall tests and the numerical simulation results, TN concentration migrating with the SF on sloping farmland was found to exponentially increase with time, thereby indicating that TN concentration carried by the SF increased and stabilized during the process from the SF generation to stabilization. The main reason was that during the process of rainfall generating SF on the slope, the soil surface water content became saturated at the initial stage, allowing it to carry the solutes in the soil to a large extent within the mixing depth, ultimately causing its loss. When the SF was stabilized and the soil surface water content reached saturation, a closed isolation layer was formed between the SF and the soil surface [34], which weakened the solute migration to the SF within the mixing depth of the soil surface. This was similar to previous study results [31,35]. The larger the slope gradient, the shorter time the rainfall stayed on the soil surface, and the smaller the concentration of solutes carried by SF. The larger the rainfall intensity, the more quickly the rainwater would fill the depressions and form a sealed water layer on the soil surface, thus preventing the solutes in the mixing depth from migrating to the SF. In terms of the numerical simulation of N migration with the SF in sloping farmland, an effective mixing depth model with time growth was built based on previous studies [30]. The results showed that the simulation results could well fit the measured data. In this study, the TN concentration error in SF was very small, which enhanced the reliability of the numerical simulation results. Yang et al. [36] found that the simulation results of the effective mixing depth model for N were worse than those of potassium and phosphorus, with the determination coefficient between the TN simulation value and the observed data was only 0.57, which was worse than the simulation results in this study (R2 = 0.8308).



As compared with the process of TN loss carried by SF, those with SSF varied significantly between repeated treatments, with no uniform law being observed with the changes in the rainfall intensity and slope gradient, owing to the complexity of the SSF production process and the uncertainty of rainfall infiltration and migration in sloping farmland [37,38]. In this test, an increasing trend of the TN concentration in the SSF under different treatments was presented, which indicated that TN was lost from the soil with water accumulation and migration. On one hand, the solubility and extremely strong mobility of N played a role in it [39], while on the other hand, rainfall had gradually infiltrated into the soil to leach the TN, which ultimately resulted in the gradually increased TN concentration in the underground flow. Although the numerical simulation of the process of TN loss carried by the SSF was simulated by the traditional convection-dispersion equation used to study solute transport and was solved via the HYDRUS-2D software, the simulation results were poor when compared with those about the surface, which was related to the errors between the simulated and measured data. Moreover, some parameters, such as the molecular diffusion coefficient could not be measured in the simulation, as it required backward deduction of the simulation results to obtain appropriate parameter values [40,41]. Therefore, the basic loss law could only be revealed by the simulation results.



In this test, there was no uniform law regarding the impact of slope gradient on TN loss, which matched the previous study results [42]. The difference in TN loss between the SF and SSF has a certain relationship with their generation characteristics. The rate of SF was significantly larger than that of SSF, which resulted in greater SF being generated than SSF at the same time. That diluted the concentration of surface solutes [43], causing the TN concentration carried by the SF to be far lower than that by the SSF. As far as the SSF was concerned, the N concentration carried was high due to a small flow, with the TN being lost mainly through the water transport in the soil. Previous studies [44,45] showed that the SSF in sloping farmland is more likely to increase under small rainfall intensity, resulting in TN concentration carried by the SSF under a small rainfall intensity to be larger than that lost under large rainfall intensity. Under small rainfall intensity, the rate and flow of the SF were also small, thereby leading to small TN loading and a small loss rate. Conversely, the SSF rate and the TN concentration carried by it under small rainfall intensity were large, which increased both the loss loading and loss rate. Hence, the TN loss loading on the soil surface was mainly controlled by the SF flow, while that carried by the SSF mainly depended on the loss concentration.



Therefore, in this study, the change process of the TN concentration migrating and being lost via SF and SSF was simulated numerically. Nevertheless, the generation processes of both could not be simulated by the numerical model, resulting in the nutrient loss loading not being simulated and verified numerically. Moreover, there is a lack of coupling of the numerical model of the surface and underground nutrient loss process. Thus, greater attention should be paid to the above two problems in the future, to support the establishment of a complete and unified nutrient loss mechanism of the sloping farmland.




5. Conclusions


A noticeable exponential upward trend with time was observed for the concentration of TN migration and loss with SF in the sloping farmland in the Miyun Reservoir, with a sharp increase seen at the initial stage of runoff generation and a stable trend at the later stage. Under all treatments, the TN concentration lost with the SSF increased with time, with a high error value between repeated treatments. In addition, the TN concentration lost through the SSF was 14–78 times higher than that through the SF, with the linear growth trends with time shown by the TN loss loading through the surface and underground.



At a rainfall intensity of 30–80 mm/h, TN was mainly lost through the SSF. However, with the increasing rainfall intensity, the proportion of TN loss loading through SF rose from 14.03% to 35.82% (i.e., with the rising rainfall intensity, N was more likely to be lost through SF). However, there was no uniform law for the impact of slope gradients on TN loss.



The MAE, RMSE, NSE, and R2 of the effective mixing depth model in the numerical simulation of TN loss through SF from the sloping farmland in the Miyun Reservoir were 0.95 mg/L, 1.54 mg/L, 0.74, and 0.831, respectively. The same values of the convection-dispersion equation in simulating the change in TN concentration carried by the SSF were 24.99 mg/L, 39.25 mg/L, 0.81, and 0.811, respectively, which overall indicated good simulation results.







Author Contributions


Conceptualization, Y.L. and L.W.; Methodology, D.W. and L.J.; Resources, J.X., Z.A. and L.S.; Software, J.D. and S.L.; Supervision, L.J. and Y.L.; Visualization, L.W. and C.S.; Writing—Original Draft, Y.L., L.J., L.W. and J.W.; Writing–Review and Editing, Y.L., L.J., J.W., C.S., S.L., J.X., Z.A., J.D., S.L., D.W. and L.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Capacity Improvement Project of Beijing Academy of Agricultural and Forestry Sciences (ZHS202304), National Key Research and Development Program of China (2022YFD1500204), the Beijing Academy of Agricultural and Forestry Sciences Youth Fund (QNJJ202214), Technological Innovation for the Protection and Utilization of Black Land (XDA28130200), the general program of NSFC (41977095), Beijing Postdoctoral Fund, Post-doctoral Research Fund of Beijing Academy of Agricultural and Forestry Sciences (2020-ZZ-026), Beijing Academic Program.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We appreciate and thank the anonymous reviewers for helpful comments that led to an overall improvement of the manuscript. We also thank the Journal Editor Board for their help and patience throughout the review process.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schütt, B.; Ferro, V. An assessment of the global impact of 21st century land use change on soil erosion. Nat. Commun. 2017, 8, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Pimentel, D.; Burgess, M. Soil Erosion Threatens Food Production. Agriculture 2013, 3, 443–463. [Google Scholar] [CrossRef]

	



Clark, E.H. Soil Erosion: Offsite Environmental Effects. In Soil Loss: Processes, Policies, and Prospects; Harlin, J.M., Bernardi, G.M., Eds.; Westview: New York, NY, USA, 1987; pp. 59–89. [Google Scholar]

	



Doetterl, S.; Berhe, A.A.; Nadeu, E.; Wang, Z.; Sommer, M.; Fiener, P. Erosion, deposition and soil carbon: A review of process-level controls, experimental tools and models to address C cycling in dynamic landscapes. Earth-Sci. Rev. 2016, 154, 102–122. [Google Scholar] [CrossRef]

	



Chen, L.; Liu, D.; Song, L.; Cui, Y.; Xiao, S.; Fan, D. Characteristics of soil nitrogen loss under artificial rainfall in slope farmland of Xiangxi River basin J. J. Ecol. Rural. Environ. 2012, 6, 616–621. [Google Scholar] [CrossRef]

	



Qiu, L.; Zhu, H.; Liu, J.; Yao, Y.; Wang, X.; Rong, G.; Zhao, X.; Shao, M.; Wei, X. Soil erosion significantly reduces organic carbon and nitrogen mineralization in a simulated experiment. Agric. Ecosyst. Environ. 2021, 307, 107232. [Google Scholar] [CrossRef]

	



Wu, X.; Wei, Y.; Wang, J.; Xia, J.; Cai, C.; Wei, Z. Effects of soil type and rainfall intensity on sheet erosion processes and sediment characteristics along the climatic gradient in central-south china. Sci. Total Environ. 2018, 621, 54. [Google Scholar] [CrossRef]

	



Yao, Y.; Liu, J.; Wang, Z.; Wei, X.; Shao, M. Responses of soil aggregate stability, erodibility and nutrient enrichment to simulated extreme heavy rainfall. Sci. Total Environ. 2019, 709, 136150. [Google Scholar] [CrossRef]

	



Wu, L.; Peng, M.; Qiao, S.; Ma, X.Y. Effects of rainfall intensity and slope gradient on runoff and sediment yield characteristics of bare loess soil. Environ. Sci. Pollut. Res. 2018, 25, 3480–3487. [Google Scholar] [CrossRef]

	



Shen, H.; Zheng, F.; Wen, L.; Han, Y.; Hu, W. Impacts of rainfall intensity and slope gradient on rill erosion processes at loessial hillslope. Soil Tillage Res. 2016, 155, 429–436. [Google Scholar] [CrossRef]

	



Peng, X.; Dai, Q.; Li, C.; Yuan, Y.; Zhao, L. Simulate the impact of rainfall intensity and underground fissures on nutrient loss of slope farmland in karst areas. J. Agric. Eng. 2017, 2, 131–140. [Google Scholar]

	



Wang, L.; Wang, L.; Wang, Q. The process of soil nitrogen and phosphorus loss and migration in slope farmland with different slopes. J. Soil Water Conserv. 2015, 2, 69–75. [Google Scholar] [CrossRef]

	



Zhou, J.; Fu, B.; Gao, G. Effects of precipitation and restoration vegetation on soil erosion in a semi-arid environment in the Loess Plateau, China. Catena 2016, 137, 1–11. [Google Scholar] [CrossRef]

	



Zhou, L.; Hao, L.; Sun, Z. Characteristics of nitrogen and phosphorus loss from surface runoff and soil flow of different land types in Hunhe River Basin, Liaoning Province. J. Ecol. Environ. 2011, 20, 737–742. [Google Scholar]

	



Wang, G.; Li, Z.; Tian, Y.; Qu, J.; Xu, J.; Liu, Z. Effects of rainfall intensity and land use on nitrogen and phosphorus loss in mountainous areas of southwest Henan. People’s Yangtze River 2016, 47, 5. [Google Scholar] [CrossRef]

	



Lv, T.; Liao, M.; Ye, Z. Study on characteristics of runoff nitrogen loss under different land use patterns in Hexi Reservoir catchment area of Changxing County. J. Agric. Environ. Sci. 2017, 36, 9. [Google Scholar] [CrossRef]

	



Wang, L.; Wu, J.; Xie, J.; Wei, D.; Li, Y.; Wang, J.; Xu, T.; Yang, Z.; Jin, L. Effects of Different Hedgerow Patterns on the SoilPhysicochemical Properties, Erodibility, and Fractal Characteristics of Slope Farmland in the Miyun Reservoir Area. Plants 2022, 11, 2537. [Google Scholar] [CrossRef]

	



Wang, Q.; Zhao, G.; Liu, Y.; Zhang, P.; Chai, J. Effects of vegetation types on runoff, sediment and nitrogen and phosphorus loss on loess slope. J. Agric. Eng. 2016, 32, 195–201. [Google Scholar] [CrossRef]

	



Choi, K.-S.; Lee, S.G.; Jang, R.-J. Vegetative filter strip (Vfs) applications for runoff and pollution management in the saemangeum area of Korea. Irrig. Drain. 2016, 65, 168–174. [Google Scholar] [CrossRef]

	



Chen, X.; Cao, Z.; Yu, R.; Zhang, L.; Chen, H.; Cai, Y.; Feng, Y. Comparison of sediment concentration measurement methods in collecting bucket of slope runoff plot. J. Agric. Eng. 2020, 21, 130–136. [Google Scholar] [CrossRef]

	



Li, K.; Cheng, J.; Qi, S. Characteristics of slope erosion and non-point source pollution in different ecological revetment forms in Yongding River basin (Beijing section). Sci. Soil Water Conserv. China 2022, 1, 74–83. [Google Scholar] [CrossRef]

	



Wang, L.; Suo, L.; Wei, D.; Ding, J.; Zheng, Y.; Su, L.; An, Z. Ecological resistance and control characteristics of non-point source pollution of slope farmland under different plant allocation modes. Water Soil Conserv. Res. 2021, 28, 29–34. [Google Scholar] [CrossRef]

	



Feng, X.; Zheng, Z.; Li, T. Characteristics of surface runoff and nitrogen loss in maize season of slope farmland in purple soil area. J. Soil Water Conserv. 2017, 1, 43–48+54. [Google Scholar] [CrossRef]

	



Wang, L.; Li, Y.; Wu, J.; An, Z.; Suo, L.; Ding, J.; Li, S.; Wei, D.; Jin, L. Effects of the Rainfall Intensity andSlope Gradient on Soil Erosion andNitrogen Loss on the Sloping Fields of Miyun Reservoir. Plants 2023, 12, 423. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, B.; Vogt, R.D.; Lu, X.; Yang, X.; Lü, C.; Mohr, C.W.; Zhu, L. Land use as an explanatory factor for potential phosphorus loss risk, assessed by P indices and their governing parameters. Environ. Sci. Process. Impacts 2015, 17, 1443–1454. [Google Scholar] [CrossRef]

	



Panagos, P.; Ballabio, C.; Borrelli, P.; Meusburger, K.; Klik, A.; Rousseva, S.; Alewell, C. Rainfall erosivity in Europe. Sci. Total Environ. 2015, 511, 801–814. [Google Scholar] [CrossRef]

	



Fiener, P.; Auerswald, K.; Van Oost, K. Spatio-temporal patterns in land use and management affecting surface runoff response of agricultural catchments—A review. Earth-Sci. Rev. 2011, 106, 92–104. [Google Scholar] [CrossRef]

	



Auerswald, K.; Fiener, P.; Martin, W.; Elhaus, D. Use and misuse of the K factor equation in soil erosion modeling: An alternative equation for determining USLE nomograph soil erodibility values. Catena 2014, 118, 220–225. [Google Scholar] [CrossRef]

	



Nekhay, O.; Arriaza, M.; Boerboom, L. Evaluation of soil erosion risk using Analytic Network Process and GIS: A case study from Spanish mountain olive plantations. J. Environ. Manag. 2009, 90, 3091–3104. [Google Scholar] [CrossRef]

	



Ahuja, L.R. Release of a soluble chemical from soil to runof. J. Trans. ASAE 1982, 25, 948–953. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, H. Analysis on the feature of effective mixing depth model for soil solute transporting with surface runoff on loess slope. J. Shuili Xuebao 2010, 41, 671–676. [Google Scholar]

	



Tonitto, C.; Li, C.; Seidel, R.; Drinkwater, L. Application of the DNDC model to the Rodale Institute Farming Systems Trial: Challenges for the validation of drainage and nitrate leaching in agroecosystem models. Nutr. Cycl. Agroecosyst. 2010, 87, 483–494. [Google Scholar] [CrossRef]

	



Ahuja, L.R. Characterization and Modeling of Chemical Transfer to Runoff; Springer: New York, NY, USA, 1986. [Google Scholar]

	



Mohammed, D.; Kohl, R.A. Infiltration response to kinetic energy. Trans. ASAE 1987, 30, 108–111. [Google Scholar] [CrossRef]

	



Yang, T.; Wang, Q.; Wu, L.; Zhao, G.; Liu, Y.; Zhang, P. A mathematical model for soil solute transfer into surface runoff as influenced by rainfall detachment. Sci. Total Environ. 2016, 557, 590–600. [Google Scholar] [CrossRef]

	



Yang, T.; Wang, Q.; Liu, Y.; Zhang, P.; Wu, L. A comparison of mathematical models for chemical transfer from soil to surface runoff with the impact of rain. Catena 2016, 137, 191–202. [Google Scholar] [CrossRef]

	



Fu, B.; Wang, Y.K.; Zhu, B.; Wang, D.J.; Wang, X.T.; Wang, Y.Q.; Ren, Y. Experimental study on rainfall infiltration in sloping farmland of purple soil. Trans. CSAE 2008, 24, 39–43. [Google Scholar]

	



Pei, X.; Yu, K.W.; Bin, F. Interflow occurrence characters and their analysis on slope cropland with purple soil. Bull. Soil Water Conserv. 2006, 26, 14–18. [Google Scholar]

	



Peterson, E.W.; Davis, R.K.; Brahana, J.V.; Orndorff, H.A. Movement of nitrate through regolith covered karst terrane, northwest Arkansas. J. Hydrol. 2002, 256, 35–47. [Google Scholar] [CrossRef]

	



Zakari, S.; Liu, H.; Li, Y.X.; He, X.; Tong, L. Transport and sorption behavior of individual phthalate esters in sandy aquifer: Column experiments. Environ. Sci. Pollut. Res. 2016, 23, 15749–15756. [Google Scholar] [CrossRef]

	



Yu, G.J.; Huang, J.S.; Gao, Z.Y. Study on water and salt transportation of different irrigation modes by the simulation of HYDRUS model. J. Hydraul. Eng. 2013, 44, 826–834. [Google Scholar]

	



Huo, H.; Wang, T.; Wei, S. Characteristics of nitrogen loss from hillslope croplands of purple soil in the Three Gorges Reservoir Area and impacts of slope gradients. J. Southwest Univ. Nat. Sci. Ed. 2013, 35, 112–117. [Google Scholar] [CrossRef]

	



Veizaga, E.A.; Rodríguez, L.; Ocampo, C.J. Water and chloride transport in a fine-textured soil in a feedlot pen. J. Contam. Hydrol. 2015, 182, 91–103. [Google Scholar] [CrossRef] [PubMed]

	



Jia, H.; Lei, A.; Lei, J.; Ye, M.; Zhao, J. Effects of hydrological processes on nitrogen loss in purple soil. Agric. Water Manag. 2007, 89, 89–97. [Google Scholar] [CrossRef]

	



Xie, M.; Zhang, Z.; Zhang, P.; Xu, J.; Lin, Q. Migration and loss of nitrate nitrogen in purple soil slope farmland and its numerical simulation. J. Agric. Eng. 2018, 19, 147–154. [Google Scholar] [CrossRef]








[image: Plants 12 02042 g001 550] 





Figure 1. Schematic diagram of experimental structure. Note: R is rainfall intensity, mm/h; CSF is concentration of solute in surface flow, mg/L; CSSF is concentration of solute in subsurface flow, mg/L; hm is effective mixing depth, cm; JU and JD are upward and downward solute flux from soil layer, respectively, mg/cm·min; α is depth gradient, (°). 
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Figure 2. Comparison of measured and simulated concentrations of TN loss through surface flow. The error bars refer to the standard deviation. 
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Figure 3. Comparison of measured and simulated concentration of TN loss through subsurface flow. The error bars refer to the standard deviation. 
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Figure 4. Cumulative loss loads of TN under different treatments. 
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Figure 5. Scatter diagram of simulated and measured TN loss concentrations. (a). TN loss via surface flow (b). TN loss via subsurface flow. 
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Table 1. Parameters for numerical simulations.
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	Parameters
	ρs/

(g·cm−3)
	  θ  s/

(cm3·cm−3)
	k/

(cm3·g−1)
	DL/

cm
	Dw/

(cm2·min−1)
	  θ  r/

(cm3·cm−3)





	Surface
	1.16
	0.424
	0.77
	-
	-
	-



	Subsurface
	1.16
	0.424
	0.77
	1.19
	0.03
	0.0348







Note: ρs is soil bulk density, θs is saturated water content, θr is residual saturated water content, k is the soil adsorption rate, DL is longitudinal dispersity of TN, DW is molecular diffusion coefficient in free water of TN.
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Table 2. Total nitrate loss concentrations and loads under different treatments.
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Rainfall Intensity/(mm·h−1)

	
Slope Gradient/(°)

	
Mean Concentration ± Standard Deviation/(mg·L−1)

	
Mean Load ± Standard Deviation (kg/ha)




	
Surface Flow

	
Subsurface Flow

	
Surface Flow

	
Subsurface Flow






	
30

	
5

	
0.195 ± 0.350b

	
21.483 ± 1.100a

	
0.016 ± 0.002b

	
0.098 ± 0.002a




	
10

	
0.159 ± 0.255b

	
27.898 ± 3.055a

	
0.014 ± 0.004b

	
0.247 ± 0.011a




	
15

	
0.089 ± 0.200b

	
56.868 ± 5.282a

	
0.011 ± 0.005b

	
0.359 ± 0.017a




	
40

	
5

	
0.454 ± 0.436b

	
56.421 ± 4.478a

	
0.041 ± 0.006b

	
0.405 ± 0.077a




	
10

	
0.255 ± 0.267b

	
87.932 ± 1.586a

	
0.025 ± 0.005b

	
0.857 ± 0.004a




	
15

	
0.189 ± 0.157b

	
137.715 ± 9.576a

	
0.053 ± 0.071b

	
1.452 ± 0.122a




	
50

	
5

	
1.221 ± 0.961b

	
180.013 ± 14.808a

	
0.067 ± 0.013b

	
3.586 ± 0.093a




	
10

	
2.487 ± 1.132b

	
108.718 ± 4.322a

	
0.083 ± 0.008b

	
1.648 ± 0.022a




	
15

	
4.277 ± 1.442b

	
124.464 ± 1.938a

	
0.151 ± 0.013b

	
1.950 ± 0.074a




	
60

	
5

	
1.738 ± 1.108b

	
122.612 ± 2.594a

	
0.092 ± 0.015b

	
0.395 ± 0.040a




	
10

	
2.394 ± 0.614b

	
47.245 ± 3.381a

	
0.101 ± 0.021b

	
0.528 ± 0.035a




	
15

	
4.705 ± 1.520b

	
48.417 ± 1.994a

	
0.141 ± 0.018b

	
0.667 ± 0.023a




	
70

	
5

	
4.236 ± 1.983b

	
107.244 ± 4.978a

	
0.356 ± 0.014b

	
1.017 ± 0.012a




	
10

	
5.536 ± 2.145b

	
79.586 ± 1.619a

	
0.459 ± 0.032b

	
0.884 ± 0.030a




	
15

	
9.395 ± 2.884b

	
63.044 ± 2.207a

	
0.455 ± 0.027b

	
0.739 ± 0.059a




	
80

	
5

	
3.134 ± 0.926b

	
110.316 ± 2.946a

	
0.263 ± 0.044b

	
1.163 ± 0.138a




	
10

	
4.817 ± 1.742b

	
55.251 ± 3.036a

	
0.327 ± 0.022b

	
0.586 ± 0.002a




	
15

	
7.894 ± 1.910b

	
65.977 ± 2.847a

	
0.458 ± 0.044b

	
1.118 ± 0.057a








Note: Different letters indicate significant difference at 0.05 level between surface and subsurface flow.
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Table 3. Precision evaluation of numerical simulations for loss process of TN.
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Rainfall Intensity

/(mm·h−1)

	
Slope Gradient

/(°)

	
Surface

	
Subsurface




	
MAE

	
RMSE

	
NSE

	
MAE

	
RMSE

	
NSE






	
30

	
5

	
0.07

	
0.18

	
0.73

	
24.84

	
34.08

	
−0.13




	
10

	
0.06

	
0.12

	
0.75

	
16.33

	
30.84

	
0.57




	
15

	
0.02

	
0.05

	
0.95

	
23.90

	
31.26

	
0.68




	
40

	
5

	
0.18

	
0.31

	
0.45

	
31.35

	
45.98

	
0.32




	
10

	
0.11

	
0.17

	
0.57

	
36.63

	
57.50

	
0.55




	
15

	
0.17

	
0.24

	
−1.52

	
65.44

	
95.01

	
0.36




	
50

	
5

	
0.71

	
0.96

	
0.24

	
110.15

	
136.61

	
0.45




	
10

	
0.70

	
0.80

	
0.45

	
32.14

	
40.39

	
0.79




	
15

	
1.00

	
1.16

	
0.29

	
52.30

	
78.53

	
0.16




	
60

	
5

	
0.01

	
0.78

	
0.46

	
57.27

	
74.11

	
0.40




	
10

	
0.92

	
1.08

	
−1.34

	
61.27

	
72.38

	
−1.20




	
15

	
0.80

	
0.96

	
0.56

	
42.38

	
57.38

	
−0.67




	
70

	
5

	
1.06

	
1.24

	
0.57

	
65.97

	
81.48

	
0.27




	
10

	
1.14

	
1.48

	
0.48

	
44.55

	
51.98

	
0.30




	
15

	
1.74

	
2.17

	
−0.31

	
42.76

	
50.05

	
−0.52




	
80

	
5

	
2.06

	
2.73

	
−0.68

	
26.93

	
36.89

	
0.72




	
10

	
2.10

	
2.43

	
−1.12

	
23.99

	
32.74

	
0.17




	
15

	
1.42

	
1.57

	
0.27

	
28.88

	
41.33

	
−0.28




	
All treatments

	
0.95

	
1.54

	
0.74

	
24.99

	
39.25

	
0.81
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