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Abstract: Rainfall intensity and slope gradient are the main drivers of slope surface runoff and
nitrogen loss. To explore the distribution of rainfall runoff and nitrogen loss on the Miyun Reser-
voir slopes, we used artificial indoor simulated rainfall experiments to determine the distribution
characteristics and nitrogen migration paths of surface and subsurface runoff under different rainfall
intensities and slope gradients. The initial runoff generation time of subsurface runoff lagged that of
surface runoff, and the lag time under different rainfall intensity and slope conditions ranges from
3.97 to 12.62 min. Surface runoff rate increased with increasing rainfall intensity and slope gradient;
compared with a rainfall intensity of 40 mm/h, at a slope of 15◦, average surface runoff rate at 60
and 80 mm/h increased by 2.38 and 3.60 times, respectively. Meanwhile, the subsurface runoff rate
trended upwards with increasing rainfall intensity, in the order 5 > 15 > 10◦. It initially increased
and then decreased with increasing slope gradient, in the order 5 > 10 > 15◦. Total nitrogen (TN) loss
concentration of surface runoff shows a decrease followed by a stabilization trend; the concentration
of TN loss decreases with decreasing rainfall intensity, and the stabilization time becomes earlier and
is most obvious in 5◦ slope conditions. TN loss concentration in subsurface runoff decreased with
increasing rainfall intensity, i.e., 40 > 60 > 80 mm/h. The surface runoff rainfall coefficient was mainly
affected by rainfall intensity, a correlation between αs and slope gradients S was not obvious, and
the fitting effect was poor. The subsurface runoff rainfall coefficient was mainly affected by slope
gradient, the R2 of all rainfall intensities was <0.60, and the fitting effect was poor. The main runoff
loss pathway from the Miyun Reservoir slopes was surface runoff, which was more than 62.57%. At
the same time, nitrogen loss was subsurface runoff, more than 51.14%. The proportion of surface
runoff to total runoff increases with the increase of rainfall intensity and slope, with a minimum of
62.57%, and the proportion of nitrogen loss from subsurface runoff also decreases with increasing
rainfall intensity but does not change with slope gradient. The order of different runoff modulus
types was mixed runoff (surface and subsurface runoff occur simultaneously) > surface runoff >
subsurface runoff. The surface and mixed runoff modulus increased significantly with increasing rain
intensity under different rain intensities and slope gradients. Overall, rainfall intensity significantly
affected slope surface runoff, and slope gradient significantly affected nitrogen loss.
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1. Introduction

Soil erosion occurs ubiquitously around the world and is a shared environmental
problem, although it is more severe in parts of China, the United States, Russia, Australia,
India, and Europe [1]. China is deeply affected by soil erosion, with about 5.29 gt of soil
lost or displaced annually. Human activities have accelerated soil erosion, resulting in the
erosion rate being much greater than natural soil formation. This has led to problems such
as cultivated field quality degradation, reduced crop yield, and ecological environment
quality decline, which seriously threatens food security and ecosystem stability [2,3]. The
water quality safety of Miyun Reservoir plays an important role in Beijing. Strengthening
the protection of its water resources is vital for a safe urban and rural water supply, smooth
city operation, peaceful citizens, peaceful lives and work, and the sustainable development
of the economy and society. The Miyun Reservoir area terrain is undulating, and soils
are thin and shallow [4]. Furthermore, the soils have weak fertilizer and water sorption
capacity, which makes them particularly prone to soil erosion and nutrient loss, as well as
eutrophication of the surrounding water bodies, which poses significant ecological risks.
Soil nitrogen is the most important indicator of soil nutrient levels [5] and also the main
factor causing eutrophication/pollution of water bodies [6]. However, there have been
few studies on soil nitrogen loss from slopes in the Miyun Reservoir area, especially the
temporal and spatial effects of surface and subsurface runoff on soil nitrogen loss processes
and mechanisms. The pathways and processes of soil nitrogen loss under different rainfall
intensities and slope gradients have not been adequately addressed.

Rainfall intensity is the main influencing factor of surface erosion, and generally, the
surface erosion rate is directly proportional to the intensity of rainfall [7]. Deng et al. (2018)
studied erosive weathered granite slopes and found that the proportion of total runoff that
was subsurface was greater than slope surface runoff [8]. Simultaneously, with increased
rainfall intensity, slope surface runoff also increased, and the interaction between raindrop
impact and runoff aggravated the erosion process. Studies have noted that rainfall intensity
has the greatest impact on slope surface runoff in the Miyun Reservoir area, accounting
for 21.84% of the total. Initial runoff generation time is also advanced with increased rain
intensity, and the two are clearly negatively correlated [9]. However, most researchers
believe that the greater the slope gradient, the greater the runoff [10]. Tan et al. found that
when the slope gradient increases, runoff velocity in the fine gullies generated by the slope
accelerates, runoff erosion intensity increases, and runoff and sediment yield increases [11].
Others have suggested that the slope rainfall-bearing capacity decreases with increased
slope gradient, so factors that promote increased runoff are canceled [12]. Additionally, it
has been documented that slope surface runoff and sediment yield increase initially, then
decrease, and then increase with increased slope gradient [13].

The migration of nutrients such as nitrogen and phosphorus carried by runoff sediment
during soil erosion is the key cause of water eutrophication, which is an important ecological
threat in China [14]. Soil nutrients from the slope field mainly enter the downstream water
body through slope surface runoff, subsurface runoff, and erosion sediment. Deng et al.
and Liu et al. found that the greater the rainfall intensity, the more nitrogen is lost in
runoff [15,16]. Chen et al. showed that under the same rainfall intensity conditions, runoff
and nitrogen loss are directly proportional to rainfall time [17]. In simulation experiments,
Wu et al. found that slope surface and subsurface runoff TN loss increased with increased
rainfall intensity or slope gradient. Subsurface runoff is the main source of TN loss from
slopes, and the loss ratio can reach 91.26 to 99.61%. The proportion of TN loss in slope
surface runoff to total TN loss on slopes increases with increasing rain intensity [18]. Qian
et al.’s nitrogen loss study showed that in the early stage of runoff, nitrogen loss was
significant and then gradually decreased and tended to be stable. Dissolved nitrogen
was the main source of runoff at the beginning, and the proportion of insoluble nitrogen
increased with rainfall extension [19]. Presently, research on nutrient transport through
surface runoff is relatively common, but research on nutrient transport through subsurface
runoff is relatively rare.
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Therefore, this study selected the slope of Miyun Reservoir as the research object; using
artificial rainfall simulation, we explored runoff and nitrogen loss characteristics under
different rainfall intensities and slope gradients and analyzed the contribution of surface
and subsurface runoff to soil nitrogen loss, clarified the impact mechanism of rainfall
intensity and slope on runoff nitrogen loss. To provide some reference for the prevention
and reduction of agricultural non-point source pollution and water eutrophication on the
slope of Miyun Reservoir.

2. Materials and Methods
2.1. Test Equipment and Materials

The simulated rainfall equipment adopts the QYJY-502 model produced by China
Xi’an Qingyuan Measurement and Control Technology Co., Ltd. (Qingyuan, China), with
a rainfall height of 5 m and a rainfall adjustment accuracy of 7 mm/h. The simulated
rainfall instrument has an effective rainfall area of 11 m × 8 m, a rainfall intensity variation
range of 15–200 mm/h, and a rainfall uniformity coefficient > 0.80. The simulated rainfall
equipment has been recalibrated before the experiment. The experimental soil box is a
fixed variable slope steel box with a slope adjustment range of 0–30◦. The length, width,
and height of the soil box are 2.0 m × 0.5 m × 0.6 m in sequence. The middle and bottom
of the steel trough are equipped with drainage holes for collecting subsurface runoff. The
top of the steel trough has a triangular outlet for collecting surface runoff (Figure 1).
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Figure 1. Schematic diagram and physical diagram of experimental structure.

2.2. Test Soil

Test soil was collected from Taishitun Town (117◦6′42.08′′ E, 40◦32′22.02′′ N), Miyun
District, Beijing (Figure 2). The climate type belonged to the warm temperate semi-humid
monsoon climate. The average annual rainfall of multiple years was about 624 mm; June
to August is the rainy season. The soil in trial areas mainly belongs to cinnamon soil. The
soil type was sandy loam soil. The basic physiochemical properties of soil are shown in
Table 1 [20]. To ensure the soil did not change, the sample and bag soil were placed at a
depth of 50 cm with 5 cm intervals. Based on field measurements of soil bulk density at
different depths, control the volume and quality of each layer of filled soil sample to ensure
that the compactness and bulk density of the soil sample are close to the natural soil. Once
it was close to natural soil bulk density, the artificial simulated rainfall test was carried out.
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Figure 2. Location of the study area.

Table 1. The soil’s basic physiochemical properties.

pH Soil Organic
Matter (g/kg) TN (g/kg)

Available
Phosphorous

(mg/kg)

Available
Potassium

(mg/kg)

Sand
Content (%)

Silt Content
(%)

Clay Content
(%)

6.33 9.97 0.448 4.55 45.9 75.12 16.5 8.38

2.3. Experimental Design

The test was conducted from June to October 2022 at the Beijing Academy of Agricul-
ture and Forestry Sciences simulation test base, Haidian District, Beijing, China. Based on
field investigation results, the slope around Miyun Reservoir is mostly between 3◦ and 20◦;
experimental slopes (S) are set at 5◦, 10◦, and 15◦. By analyzing the year-round rainfall data
in Miyun District and based on the local rainfall intensity characteristics, the experimental
rainfall intensity (I) is set to 40, 60, and 80 mm/h. Design combinations (paired with
5◦, 10◦, and 15◦ slopes and rainfall intensities of 40, 60, and 80) for a total of 9 trials. In
all treatments, the soil was bare. To ensure test accuracy, each treatment was repeated
3 times. Before the experiment begins, rainfall intensity calibration should be carried out,
and the experiment should start when the rainfall intensity and uniformity are greater
than 90%. Accurately record the initial time of surface and subsurface runoff. Each rainfall
time is 60 min, with a sampling interval of 5 min. Slope surface and subsurface runoff
samples collected from each rainfall were brought back to the laboratory and allowed
to stand at room temperature (25 ◦C) for 4 to 5 h for precipitation. After precipitation,
the amount of sediment was measured, and the nutrient content of the supernatant was
immediately determined. Finally, total nitrogen (TN) in runoff was detected by potassium
persulfate oxidation–ultraviolet spectrophotometry, and all tests were completed within
48 h. Determination of soil particle size by sieving and settling method. The soil density is
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determined using the ring knife method, and the soil moisture content is determined using
the drying method. The soil organ organic matter is determined using the dichromate
volumetry–outside heating method; available phosphorous is determined using the sodium
hydroxide melting–Mo-Sb colorimetry, and available potassium is determined by sodium
hydroxide melting–flame photometry [21].

2.4. Data Acquisition and Analysis

Data is analyzed using Excel 16.0 for statistics and Origin 2022 for plotting. The least
significant difference (LSD) method in the Statistical Package for the Social Sciences 19
(SPSS) was used to test for significant differences in TN loss from surface and subsurface
runoff at p < 0.05. The following formula was used to calculate the contribution rate of each
factor (PF) [22]:

PF =
SSF − (DOFF × VEr)

SST
× 100

where PF is the factor contribution rate (%); SSF is type III sum of squares; DOFF is the
factor degrees of freedom; VEr is the sum of squares of the error; and SST is the sum of
squares of the total dispersion. SSF, SST, DOFF, and VEr values were obtained directly from
the analysis of variance using SPSS 19.0 software.

3. Results and Analysis
3.1. Influence of Rainfall Intensity and Slope on Surface Runoff

Due to the influence of topographic conditions, land use patterns, and other factors,
initial runoff generation time will change, so understanding initial runoff generation time
during rainfall is vital for calculating soil erosion rate [23]. For the same slope gradients,
initial surface runoff generation time advanced with increased rain intensity, in the order
40 > 60 > 80 mm/h (Table 2). At a slope gradient of 5◦, for example, initial surface runoff
generation time declined by 3.4 min and 0.87 min with increased rainfall intensity. Other
slopes also showed similar changes, but with the increase of slope gradient, showed a
gradual decrease. Subsurface runoff exhibited the same trend as surface runoff. With
increasing rainfall intensity under the same slope gradient, more rainfall infiltrates into the
soil groove per unit of time, and the soil quickly reaches saturation, which is conducive
to slope surface and subsurface runoff generation. Under the same rainfall intensity, the
initial surface runoff generation time advances with increasing slope gradient, in the
order 5 > 10 > 15◦, and the initial surface runoff generation time decreases gradually with
increasing rainfall intensity. The initial subsurface runoff generation time was consistent
with that of surface runoff. However, the decrease in slope gradient was not obvious. The
initial subsurface runoff generation time lagged behind surface runoff, which is because
soil water content begins to produce subsurface runoff when it reaches saturation, and the
lag time decreases with increasing rainfall intensity and slope gradient.

Table 2. Initial surface and subsurface generation times of different treatments (rainfall intensities
and slope gradients) (mins).

Types of Runoff Rainfall Intensity
(mm/h)

Slope Gradient (◦)

5 10 15

40 6.23 4.76 3
Surface Runoff 60 3.83 1.75 0.97

80 1.96 1.12 0.24
40 18.85 14.42 10.79

Subsurface Runoff 60 13.33 9.14 7.55
80 10.92 8.65 4.21
40 12.62 9.66 7.79

Surface Runoff -
Subsurface Runoff 60 9.5 7.39 6.58

80 8.96 7.53 3.97
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The surface runoff rate increased with increasing rain intensity (Figure 3). Compared
with a rainfall intensity of 40 mm/h at a slope of 15◦, the average surface runoff rate at
60 and 80 mm/h increased by 2.38 and 3.60 times, respectively. Under the same rainfall
intensity, the surface runoff rate increased with increasing slope gradient. At 60 mm/h,
for example, the average surface runoff of 5, 10, and 15◦ slopes was 2.90, 3.2, and 3.6 L,
respectively. Subsurface runoff rate showed an upward trend with rainfall (Figure 2).
Under the same rainfall intensity, the subsurface runoff rate was 5 > 15 > 10◦; as the slope
increases, it tends to rise first and then decrease, which indicates a critical slope between
5 and 10◦. Under the same slope gradients, the subsurface runoff rate decreased with
increasing rainfall intensity, in the order 5 > 10 > 15◦.

There is a significant difference in surface runoff under different rainfall intensities
(p < 0.05), and there is no significant difference in subsurface runoff at 5◦ and 10◦ under
60 mm/h and 80 mm/h. There are also significant differences in surface runoff between
slopes under the same rainfall intensity (p < 0.05), while there was no significant difference
in subsurface runoff at 40 mm/h and 60 mm/h at 5◦ and 10◦ slopes (p < 0.05) (Table 3).

Table 3. Significant analysis of runoff under different slope gradient and rainfall intensity.

Slope Gradient
S/(◦)

Surface Runoff (L) Subsurface Runoff (L)

40 mm/h 60 mm/h 80 mm/h 40 mm/h 60 mm/h 80 mm/h

5 22.43 ± 0.32 Cc 52.3 ± 0.82 Bc 87.2 ± 0.82 Ac 7.17 ± 0.7 Bb 8.27 ± 0.61 Ab 11.37 ± 0.7 Ac
10 25.93 ± 0.61 Cb 58.4 ± 0.85 Bb 93.37 ± 0.85 Ab 6.3 ± 0.66 Bab 7.3 ± 0.8 Bab 9.63 ± 0.61 Ab
15 27.77 ± 0.35 Ca 65.1 ± 0.7 Ba 98.3 ± 0.79 Aa 5.77 ± 0.55 Ba 6.67 ± 0.75 Aa 7.4 ± 0.75 Aa

Note: value = mean ± standard error (SE). Different capital letters in the same slope gradient denote significant
differences between different rainfall intensities of the same slope gradient (p < 0.05). Different lowercase letters in
the same column denote significant differences in different slope gradients of the same rainfall intensity (p < 0.05).

3.2. Effects of Rainfall Intensity and Slope Gradient on Nitrogen Loss on Slopes

Surface runoff N loss concentration initially decreased and then tended to stabilize
with time under different treatments, indicating that the initial rainfall period is critical
for nitrogen loss from surface runoff (Figure 4). This is because surface runoff initially
removes some particulate nitrogen that is easily washed away [24]. Thus, surface runoff TN
concentration will be relatively high at the beginning and show a sharp downward trend.
Then, runoff scours the nitrogen on the soil surface and takes it away, so surface runoff TN
eventually tends to be stable under different rainfall intensities. The lower the rain intensity,
the earlier the TN loss concentration tends to stabilize, and this was most obvious in 5◦

slope conditions because higher surface runoff means faster runoff rates, resulting in shorter
contact time between runoff and soil and, thus, lower surface runoff TN concentration.
Under the same slope gradients, increased rainfall intensity significantly increased surface
runoff TN loss concentration, but under the same rainfall intensity, surface runoff TN loss
concentration increases showed a variation pattern of 10◦ > 15◦ > 5◦.

Under the same rainfall intensity, subsurface runoff TN loss concentration initially
decreased and then stabilized after runoff occurrence on both 5 and 10◦ slope gradients,
and all of them tended to be stable after 60 min of rainfall. When the slope gradient was
15◦, subsurface runoff TN loss concentration under different rainfall intensities initially
rose and then decreased in the early stage, and then rose slightly and stabilized in the
mid to late stage. This is maybe because the greater the slope gradient, the more water in
the soil can readily move, and the more contact with the soil particles, the easier it is to
dissolve nitrogen fixed on the soil particle surfaces and be lost with water runoff so that
subsurface runoff TN concentration is higher [24]. Under the same slope gradients, TN
loss concentration in the subsurface runoff decreased with increased rainfall intensity, i.e.,
40 > 60 > 80 mm/h. Under 40 and 60 mm/h, with extended rainfall, subsurface runoff
gradually decreased, then increased, and finally stabilized. However, under 80 mm/h,
TN concentration loss decreased with extended rainfall time. This is because subsurface
runoff at the beginning was low; moreover, free TN concentration in the soil was higher,
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and the greater the rain intensity, the more subsurface runoff, causing a dilution effect and
a decrease in subsurface runoff TN concentration with increasing rain intensity.
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fall intensity.

There is a significant difference in TN loss in surface runoff under different rainfall
intensities (p < 0.05), while there was no significant difference in TN loss in subsurface
runoff under a 5◦ slope (p < 0.05). Under the same rainfall conditions, there is a significant
difference in TN loss in surface runoff between different slopes (p < 0.05), and there is
a significant difference in TN loss in subsurface runoff among different slopes under
40 rain-fall intensity (p < 0.05) (Table 4).
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Table 4. Significant analysis of runoff TN loss under different slope gradient and rainfall intensitys
and rainfall intensities.

Slope Gradient
S/(◦)

Surface Runoff TN Concentration (mg/L) Subsurface Runoff TN Concentration (mg/L)

40 mm/h 60 mm/h 80 mm/h 40 mm/h 60 mm/h 80 mm/h

5 22.41 ± 0.93 Cc 25.14 ± 0.72 Bc 32.76 ± 0.57 Ac 22.23 ± 0.86 Cc 43.44 ± 1.06 Ba 50.29 ± 1.01 Aa
10 35.16 ± 1.07 Ca 43.35 ± 0.86 Ba 50.05 ± 0.57 Aa 36.31 ± 1.08 Ba 37.46 ± 1.07 Bb 42.81 ± 0.88 Ab
15 33.06 ± 0.53 Cb 36.01 ± 0.24 Bb 42.63 ± 0.60 Ab 32.45 ± 1.06 Bb 42.33 ± 1.03 Aa 43.41 ± 0.97 Ab

Note: value = mean ± standard error (SE). Different capital letters in the same slope gradient denote significant
differences between different rainfall intensities of the same slope gradient (p < 0.05). Different lowercase letters in
the same column denote significant differences in different slope gradients of the same rainfall intensity (p < 0.05).

3.3. Runoff Coefficients of Surface Runoff and Subsurface Runoff

At the same slope gradient, the surface runoff coefficient (αs) increased with increased
rainfall intensity (Figure 5) and was linearly positively correlated with it (Table 5). Con-
versely, under the same rainfall intensity, as the slope increases, the subsurface runoff coef-
ficient (αi) decreases and is linearly negatively correlated with rainfall intensity (Table 5).
Under the same slope gradients, αi decreased with increasing rainfall intensity, in the order
5 > 10 > 15◦.
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Table 5. Fitting results of runoff coefficients for runoff f under different slope gradients and rain-
fall intensity.

Types of Runoff Simulate Conditions Fitted Equation Fitting Degree R2

Surface Runoff Slope Gradient S/(◦)
5 α5 = 0.02759I − 0.41382 0.7836

10 α10 = 0.03119I − 0.60653 0.8204
15 α15 = 0.02866I − 0.34951 0.8072

Subsurface Runoff Raionfall Intensity I/(mm/h)
40 α5 = −0.0145S + 0.38083 0.9902
60 α10 = −0.00167S + 0.11722 0.8242
80 α15 = −0.00213S + 0.10708 0.9465

The effects of rainfall intensity and slope gradient on runoff coefficients were comple-
mentary. A correlation between αs and slope gradients S was not obvious, and the fitting
effect was poor (Table 5). At 40 and 60 mm/h, αs was 15 > 5 > 10◦, but at 80 mm/h, it was
10 > 15 > 5◦, and the correlation coefficient did not change. The fitting effect between αi
and slope gradient S increased with increasing slope under different rainfall intensities, the
R2 of all rainfall intensities was <0.60, and the fitting effect was poor, while the correlation
coefficient decreased with increasing slope. The surface runoff coefficient αs was mainly
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affected by rainfall intensity, while the subsurface runoff coefficient αi was mainly affected
by slope.

3.4. Slope Surface Runoff, Nitrogen Loss Distribution and Runoff Modulus

The slope remains unchanged, and the proportion of surface runoff in total runoff
increased with increasing rainfall intensity (Table 6). As rainfall intensity increases, the
effective precipitation per unit time also increases, which accelerates soil aggregate frag-
mentation, and the surface crust reduces the soil infiltration rate, increasing the proportion
of surface runoff and decreasing the proportion of subsurface runoff. On different slope
gradients, the proportion of surface runoff under the same rainfall intensity was basically
the same, which is caused by low rainfall infiltration. The sum of surface runoff and
subsurface runoff is the total runoff, so the proportion of subsurface runoff in total runoff is
the opposite of surface runoff.

Table 6. The proportion of surface runoff in total runoff (%).

Rainfall Intensity/(mm/h) 5◦ 10◦ 15◦

40 62.57 67.5 79.13
60 93.66 93.85 94.95
80 94.16 95.09 95.53

Under the same slope conditions, the proportion of nitrogen loss in subsurface runoff
to total nitrogen loss decreased with increasing rainfall intensity (Table 7). This is because
subsurface runoff is generated by infiltration and can dissolve and migrate nitrogen in the
soil, while surface runoff can only take away nitrogen in the surface soil, which is easy
to lose, but the total amount is limited. There was no obvious nitrogen loss pattern in
subsurface runoff with slope at the same rainfall intensity, indicating that the critical slope
gradient differed under different rainfall intensities.

Table 7. The proportion of nitrogen loss to total nitrogen loss in subsurface runoff (%).

Rainfall Intensity/(mm/h) 5◦ 10◦ 15◦

40 67.49 55.67 60.09
60 63.01 51.83 54.30
80 60.46 51.14 51.38

Subsurface runoff generation lags behind that of surface runoff, but there is a period
of time when they occur together, and total runoff in this period is called mixed runoff [25].
The order of different runoff modulus (runoff per unit area per unit time) types was mixed
> surface > subsurface runoff (Figure 6). On different slope gradients at the same rainfall
intensity, surface, subsurface, and mixed runoff moduli were basically the same. The mixed
runoff modulus was the highest under different slope gradients and rain intensities, and
it increased significantly with increasing rain intensity on the same slope gradients. The
runoff modulus variation of surface and mixed runoff was similar. With increasing rainfall
intensity, the subsurface runoff modulus initially decreased, then increased, but was lower
than surface runoff.

3.5. Factors Influencing Slope Surface Runoff and Nitrogen Loss

There is a highly significant positive correlation between rainfall intensity and surface
runoff (p < 0.01). Rainfall is the primary generator of surface runoff, and rainfall intensity
affects the amount of rainfall. When the underlying surface conditions are the same, slope
surface runoff is greater with higher rainfall, and the slope gradient, as a topographic
factor, cannot cause surface runoff; instead, it mainly affects runoff at the outlet in terms of
slope-rainfall bearing capacity and soil infiltration rate. Slope gradient and rainfall intensity
promote slope runoff and nitrogen loss.
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To quantify the contribution rate of various factors to sediment production in slope
surface runoff, we calculated the interaction between different influencing factors on
nitrogen loss (Figure 7). Rainfall intensity and slope significantly affect runoff generation
and nitrogen loss. Contribution rates to surface and subsurface runoff were in the order
of rainfall intensity > rainfall intensity and slope gradient interactions > slope gradient
(Table 8). Among them, the contribution of rainfall intensity was the highest, with surface
runoff being 99.6% and subsurface runoff being 52.8%. Contribution rates to total nitrogen
loss of surface flow were in the order of slope gradient > rainfall intensity > slope gradient
and rainfall intensity interactions. The contribution rate of slope gradient was the highest,
at 66.8%. Contribution rates to total nitrogen loss in subsurface runoff were in the order
of rainfall intensity and slope gradient interactions > slope gradient > rainfall intensity.
Interactions between rainfall intensity and slope gradient contributed the most, at 44.1%.
Overall, rainfall intensity significantly affected slope surface runoff, and slope gradient
significantly affected nitrogen loss.
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Table 8. The contribution rate of factors influencing slope surface runoff and nitrogen loss (%).

Factor Surface Runoff Subsurface Runoff TN of Surface Runoff TN of Subsurface
Runoff

Rainfall Density 99.6 52.8 30.2 21.4
Slope Gradient 0.1 26.9 66.8 37.5

Rainfall Density ×
Slope Gradient 0.3 20.3 3.0 41.1

4. Discussion

The main factors influencing soil erosion on the slopes of Miyun Reservoir are rainfall
intensity and slope gradient. As rainfall intensity increased from light (40 mm/h) to
moderate (60 mm/h) to extreme (80 mm/h), both surface and subsurface runoff increased.
Compared with a rainfall intensity of 40 mm/h at a slope of 15◦, the average surface runoff
rate at 60 mm/h and 80 mm/h increased 2.38 and 3.60 times, respectively. This may be
because during runoff, rainfall kinetic energy acts on the soil surface. The intensity of
rainfall determines the runoff magnitude [26]. Therefore, the soil erosion rate increases
with the increase in rainfall intensity [27]. The main form of runoff generation was surface
runoff, with a proportion of surface runoff in total runoff of 75.77 to 96.16%.

Rainfall intensity remains unchanged; the surface runoff rate increased with increasing
slope gradient, in the order 5 > 15 > 10◦, and tended to initially rise and then decrease,
indicating that there was a critical slope between 5 and 10◦. This may be due to a decreasing
slope gradient significantly increasing the time to reach the maximum surface runoff rate
while reducing the surface runoff. When the slope gradient increases, part of the water is
more permeable and flows down the slope by gravity. Consequently, surface runoff also
increases with increasing slope gradient, while subsurface runoff decreases. Compared
to slopes with high gradients, those with lower slope gradients better inhibit soil particle
loss with runoff during rainfall [28]. Slope gradient is also the main influencing factor of
soil erosion. As the slope increases, surface runoff increases, infiltration rate decreases,
and surface erosion increases [29]. In this study, surface, subsurface, and mixed runoff
modulus increased with slope gradient. However, the subsurface runoff, subsurface runoff
rate, and subsurface runoff modulus decrease with increasing slope gradient. Low slope
gradients better inhibit the downward loss of soil particles from runoff during rainfall [30].
Compared with single influencing factors, comprehensive interactions between rainfall
intensity and slope gradient had a more obvious impact on the slope surface runoff mode.
Furthermore, the need to comprehensively understand the interactions between influencing
factors in the slope erosion process was demonstrated.

The main influencing factors of soil nitrogen loss are rainfall and runoff. In this study,
runoff TN concentration fluctuated at the beginning of surface runoff and began to stabilize
after 60 min. For example, on a 5◦ slope, the average TN loss in surface runoff under
rainfall intensity of 80 mm/h was 1.28 times that of 60 mm/h, and in subsurface runoff
was 1.03 times that of 60 mm/h rainfall. Therefore, rainfall intensity had a significant
effect on soil nitrogen loss. On a 5◦ slope, below subsurface TN loss under 80 mm/h
and 60 mm/h rainfall conditions was 1.53 and 1.92 times greater than on the surface.
Therefore, subsurface runoff loss was greater than surface runoff loss, potentially making
pollution of groundwater sources more serious, especially in areas with shallow soils and
those with underground pores and fissures. Moreover, northern soils and those in rocky
mountainous areas are looser, and their water is more prone to infiltration, which washes
away the soil nitrogen. Therefore, in such areas, subsurface runoff often plays a decisive
role in nitrogen loss. In practical application, the occurrence of subsurface runoff should be
prevented or reduced, for example, by fertilizing to increase soil water-holding capacity.
The nitrogen loss in karst areas of South China is mainly carried by groundwater runoff,
and this experiment is consistent with this situation [31]. Gao et al. showed that the surface



Water 2024, 16, 786 13 of 15

TN loss rate was greater when the rainfall intensity was ≥50 mm/h and was the main
cause of TN loss [32].

Our results show that slope gradient and rainfall intensity can promote runoff, with
rainfall intensity having the greatest impact on surface runoff, contributing 99.6%. The
slope gradient contributed the most to total nitrogen loss from surface runoff, at 66.8%.
The interaction between rainfall intensity and slope gradient contributed the most to total
nitrogen loss in the subsurface runoff, at 44.1%. As rainfall intensity increases, raindrop
erosion capacity increases, and soil particle dispersion increases. Increased rainfall intensity
will increase runoff erosive forces and sediment-carrying capacity [33]. The slope gradient
increases the slope rain-bearing area, which leads to increased runoff and flow velocity, and
then water flow erosion capacity increases, which promotes slope surface erosion in the
gullies. Compared with Li et al., who qualitatively studied the interaction between rainfall
intensity, slope gradient, and slope length, we considered the quantitative contribution
of rainfall intensity, slope gradient, and the interaction of various factors to runoff and
sediment production [34]. Our approach may better reflect the relationship between the
comprehensive effects of influencing factors and slope surface runoff and nitrogen loss.

The slope gradient in the Miyun reservoir area has an important impact on nitrogen
loss, especially on steep slopes, which could be slowed down by reducing the slope gradient.
However, we did not consider the underground migration of nutrients. Although the loss of
underground nitrogen is higher than on the surface, due to its special geographical location,
it is difficult to control the loss of underground nitrogen. Therefore, preventing and
controlling groundwater pollution is of great significance for controlling non-point source
pollution. Additionally, agricultural fertilizer use could be reduced [35], or alternatively,
increasing vegetation cover would reduce nutrient loss on the slope surface [36]. This may
help to mitigate the effects of rainfall on nitrogen and underground seepage in cultivated
soils, thereby increasing yields and preventing pollution.

Although the effects of rainfall intensity and slope gradient on slope erosion in the
Miyun Reservoir area were analyzed and a critical slope gradient determined, slope length
was not considered. In the future, slope length characteristics will be added, and runoff
and nutrient loss at critical slope lengths will be discussed. We only considered the
contributions of rainfall intensity and slope gradient to erosion, but the contribution
of one factor depended on changes in others, and these interactions need to be more
fully addressed.

5. Conclusions

Initial runoff generation time gradually decreases with increasing rainfall intensity
and slope gradient. Initial subsurface runoff generation time lags behind that of surface
runoff but decreases with increasing rainfall intensity and slope gradient. Surface runoff
rate increased with increasing rainfall intensity and slope gradient, and the subsurface
runoff rate showed an upward trend with increasing rainfall intensity, initially increasing
and then decreasing with increasing slope gradient. Surface runoff TN loss concentration
initially decreased and then stabilized with time. Rainfall intensity has a significant effect
on the change of TN loss concentration in surface runoff. The concentration of TN loss in
the subsurface runoff decreased with increasing rainfall intensity.

The effects of rainfall intensity and slope gradient on surface and subsurface runoff
coefficients were complementary. The main runoff loss path from slopes is surface runoff,
and the main path of nitrogen loss is subsurface runoff. The order of different runoff
modulus types was mixed > surface > subsurface runoff. Rainfall intensity significantly
affected the slope subsurface, and slope gradient significantly affected nitrogen loss.
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