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Josef Křeček and Hans Schreier

Received: 21 March 2024

Revised: 11 May 2024

Accepted: 15 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Research on Multi-Factor Effects of Nitrogen Loss in Slope Runoff
Lei Wang 1,2,†, Na Wang 1,2,†, Qing Zhang 1,3, Jiajun Wu 2, Shilei Wang 4, Min Pang 1,2, Jifeng Wang 5, Chao Zhou 6,
Yehui Han 6, Zhixin Yang 2,* and Liang Jin 1,*

1 Institute of Plant Nutrition, Resources and Environment, Beijing Academy of Agricultural and Forestry
Sciences, Beijing 100097, China; yzswanglei@163.com (L.W.); wn15512202703@163.com (N.W.);
13733267148@163.com (Q.Z.); 13716069539@163.com (M.P.)

2 Key Laboratory for Farmland Eco-Environment of Hebei Province, State Key Laboratory of North China Crop
Improvement and Regulation, College of Resources and Environmental Sciences, Hebei Agricultural
University, Baoding 071001, China; w1550791604@163.com

3 College of Environmental and Resource Sciences, Shanxi Agriculture University, Taiyuan 030000, China
4 Beijing Miyun District Soil and Water Conservation Workstation, Beijing 101500, China; water123_@126.com
5 Beijing Gaoling Water Station of Miyun District Water Bureau, Beijing 101500, China; 13651396709@163.com
6 Qiqihar Branch of Heilongjiang Academy of Agricultural Sciences, Qiqihar 161000, China;

zhouchao1201@126.com (C.Z.); hanyehui1982@163.com (Y.H.)
* Correspondence: yangzhixin@126.com (Z.Y.); jinliang19762003@aliyun.com (L.J.)
† These authors contributed equally to this work.

Abstract: To study the characteristics of nitrogen (N) loss on slopes, different vegetation (bare soil,
alfalfa), slopes (5◦, 10◦, 15◦), and rainfall intensities (40, 60, 80 mm/h) were set as variable factors in
simulated rainfall experiments. Surface runoff accounts for 60.38–96.16% of total runoff and most N
loss (57.69–88.67% of NO3

−-N). Alfalfa can reduce average concentrations of N loss in runoff and
reduce N loss in surface runoff by more than 48.29%, as well as subsurface runoff by 3.8%. Average
N loss in subsurface runoff exceeds that of surface runoff. Rainfall intensity most affects N loss from
surface runoff in bare soil conditions, and slope most affects N loss in subsurface runoff. Rainfall
intensity in alfalfa treatments most influences runoff volume and N loss. The comprehensive effects
of rainfall intensity, slope, and vegetation cover on the total loss of various forms of nitrogen in
surface runoff can be described using a linear correlation equation, with a correlation coefficient
between 0.84 and 0.91.

Keywords: simulated rainfall; surface runoff; subsurface runoff; soil nitrogen; vegetation cover; slope;
rainfall intensity

1. Introduction

Chinese per capita land resources are scarce, especially in Beijing, where there is a
high population density and rapid social and economic development [1]. Consequently,
agricultural land cannot meet local agricultural needs, and farmers are increasingly de-
pendent on growing crops in hilly and mountainous areas where heavy rain is frequent,
soil layers are thin, soil erodes, and water runs off [2]. Nutrients are lost from the system,
and downstream water bodies are prone to eutrophication [3]. Because farmers also often
over-fertilize soils to increase yield, this exacerbates water-body eutrophication. Therefore,
it is both theoretically and practically important to identify the factors that influence N
loss from soil on slopes to improve agricultural management and any cascading effects on
water bodies.

Slope farmland is the main source of soil erosion and sediment in reservoirs [4]. Soil
erosion inevitably leads to a significant loss of soil nutrients, resulting in a decrease in
agricultural productivity and serious damage to the land that residents rely on for survival.
Meanwhile, the loss of nutrients can lead to pollution in the backwater area, resulting in
eutrophication of secondary rivers, which is not conducive to sustainable development of
the environment throughout a reservoir.
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Nitrogen accounts for a large proportion of non-point source pollution caused by soil
erosion, mainly carried by runoff and erosion sediment [5]. Non-point source pollution
caused by soil nutrient loss is affected by many factors, of which vegetation cover, rainfall
intensity, and slope are the most important. Sirjani, and Mahmoodabadi. reported vege-
tation to reduce nutrient loss, with loss gradually decreasing with increased coverage [6].
Wu et al. reported ryegrass to reduce the kinetic energy of raindrops and slow water flow,
improve the shear strength of deeply penetrating roots, and significantly reduce rates of
granular nitrogen loss [7], and Korucu et al. reported ryegrass mulching to significantly
delay surface runoff, as well as reduce total surface runoff and sediment and ammonium
nitrogen (NH4

+-N) loss compared with bare soil [8]. Huang et al. reported grass hedges
to effectively reduce slope runoff and soil loss [9], Choi et al. reported vegetation to re-
duce runoff and total nitrogen (TN) loss [10]. Vegetation cover, rainfall erosivity, and soil
erodibility are the three most important factors in nitrogen transport [11].

Increased slope increases surface runoff, sediment production, and N loss, and it
decreases subsurface runoff and N loss [12]. Concentrations of dissolved TN in runoff
fluctuate significantly with slope, with significant correlations between slope, adsorbed
N, and sediment yield [13]. With increased slope, runoff depth decreases and runoff ve-
locity increases [14], both runoff and NH4

+-N loss increase, and runoff and sediment loss
increases [15]. Nutrient concentrations in slope surface runoff increase with increased rain-
drop kinetic energy and decrease with increased soil infiltration rate [16]. With increased
rainfall intensity, the cumulative flow of surface runoff, subsurface runoff, and surface
karst zone runoff also increase [17] nitrate leaching in tillage rather than no-till cropping
systems [18], and runoff, sediment yield, and related N loss increase significantly [19].
Heavy rainfall during the rainy season mainly drives soil nutrient output and TN loss,
nitrate nitrogen (NO3

−-N) content correlates negatively with rainfall runoff, and NH4
+-N

correlates positively [20,21].
Based on this research result summary, little research has been performed on the

combination of vegetation, slope, and rainfall intensity in the field of soil nitrogen loss on
slopes. Therefore, we used an indoor simulation of rainfall to conduct experimental research
on the combined effects of vegetation cover, slope, and rainfall intensity. By analyzing the
patterns of nitrogen loss in slope soil runoff under different rainfall conditions, the impact
of different vegetation covers, slopes, and rainfall intensities on slope soil nitrogen loss
can be explored. This analysis provides a theoretical basis to prevent non-point source
pollution and treatment of water eutrophication.

2. Materials and Methods
2.1. Test Soil

Test soils (sandy loam brown soils) were collected from a wasteland in the suburbs of
Miyun District, Beijing. Soil parameters were pH (6.33), bulk density (1.45 g/cm3), organic
matter (9.97 g/kg), TN content (0.45 g/kg), NO3

−-N content (0.58 mg/kg), and NH4
+-N

content (1.71 mg/kg). Prior to sampling, undisturbed soil bulk density and moisture
content were sequentially measured in 10 cm layers; layers were bagged separately and
returned to a glass greenhouse for natural air drying and for removal of large stones and
weeds before experimentation. Before loading the soil into a trough, a 5 cm layer of fine
sand was spread over the experimental planter trough bottom, over which a layer of gauze
was then placed to ensure that the soil could breathe and was permeable, resembling
natural conditions. According to natural soil moisture contents and bulk density, test soil
was played layer upon layer over the gauze to a depth of 45 cm. The soil was then allowed
to stand for a period of time to settle; the soil density was measured with a core cutter, and
when approximating natural density, simulated precipitation commenced. Soil moisture
content was measured before each simulated rainfall to ensure similar moisture content
before each experiment.
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2.2. Experimental Design

Simulated rainfall was performed in May–July 2023 at the Beijing Academy of Agricul-
ture and Forestry Sciences, Haidian District, Beijing. The simulated rainfall device (Xi’an
Qingyuan Measurement and Control Technology Co., Ltd., Xi’an, China) has a movable,
adjustable feature for rain intensity, with a rainfall height of 5 m; it is portable and au-
tomatic. Average annual rainfall in Beijing is 537 mm, but it can reach 80–100 mm/h in
June–September (Beijing Meteorological Bureau, Beijing, China) [22]. Experimental rainfall
intensity was set at 40, 60, and 80 mm/h using two groups of welded steel soil slots, with
three runoff slots per group, of 2 m (length) × 0.4 m (width), and 0.5 m (height). The slope
was set to 5◦, 10◦, and 15◦. A collection pipe with an edge height of 5 cm was installed at
the lower end of the runoff slot to collect surface runoff, and a collection pipe was situated
in the middle and bottom of the runoff slot to collect subsurface runoff (Figure 1).
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Figure 1. Schematic diagram of simulated rainfall equipment.

The perennial herbaceous plant alfalfa was selected as vegetation treatment; bare
land was set as a control. Roots of alfalfa can penetrate 90 cm into the soil if grown for
2 months, and 180 cm if grown for 5 months; alfalfa is often promoted as a pioneer crop for
soil and water conservation. On 10 April 2023, 3 runoff slots were selected according to
experimental treatment settings for alfalfa. Three rows of alfalfa were planted in each runoff
slot, with 50 cm between them; 0.1 g of alfalfa seeds were evenly sown in each runoff slot,
and the soil surface was evenly watered. Once alfalfa germinated, it was irrigated every
two days in small volumes to ensure that water evenly penetrated the soil and prevented
loss via surface runoff. Weeds in bare soil and alfalfa treatments were regularly cleared.

For test accuracy, each treatment was repeated three times. A total of 12 rainfall events
were performed. After the effects of instrument malfunctions and experimental operation
errors were eliminated, 10 effective rainfall events remained. Soil runoff troughs were
covered with waterproof cloth prior to each rainfall test, followed by calibration of rainfall
intensity using four rainfall calibration buckets (diameter 85 mm, height 200 mm) placed
around the soil tank. After the waterproof cloth was removed, the time taken to reach the
target rainfall intensity and uniformity (>90%) was measured. Through repeat calibration,
rainfall intensity reached desired intensity, with a rainfall uniformity > 85%.

2.3. Sample Determination and Data Analysis

During each rainfall test, the initial runoff generation time was recorded, and runoff
samples were collected at fixed intervals of 5 min; rainfall continued for 90 min. Slope
surface and subsurface runoff samples collected from each rainfall were returned to the
laboratory and allowed to stand at room temperature (25 ◦C) for 4–5 h for precipitation.
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After precipitation, the amount of sediment was measured, and the nutrient content of the
supernatant was immediately determined. The supernatant was collected to determine nu-
trients (TN (refer to alkaline potassium persulfate digestion–ultraviolet spectrophotometry),
NO3

−-N (refer to filtered ultraviolet spectrophotometry), and NH4
+-N (refer to indigo-blue

colorimetric method)) contents within 24 h of collection. Soil density was determined using
the ring knife method, and soil moisture content was determined by drying [23].

Data were analyzed using Excel for statistics and Origin for plotting. Pearson correla-
tion analysis was performed using R4.3.1 software to examine relationships between slope,
vegetation cover, and rainfall intensity and TN, NO3

−-N, and NH4
+-N loss in runoff.

3. Results
3.1. Effect of Rainfall Intensity and Slope on Nitrogen Loss in Slope Surface Runoff
3.1.1. Effect of Rainfall Intensity and Slope on Total Nitrogen Loss in Slope Surface Runoff

The TN loss in surface runoff first decreased and then tended to stabilize 35 min
after rainfall commenced for different rainfall intensities, slopes, and vegetation (Figure 2).
For a given slope, surface runoff TN loss on bare soil and alfalfa gradually decreased
with increased rainfall intensity. For a given rainfall intensity, TN loss in surface runoff
was greatest at 10◦ and lowest at 5◦. Subsurface runoff TN loss gradually increased with
increased slope. TN loss in surface runoff in both alfalfa and bare soil treatments was
similar at different rainfall intensities and slopes, but TN loss tended to stabilize earlier
in alfalfa treatments (within approximately 25 min). For different rainfall intensities and
slopes, TN loss in alfalfa treatments first increased and then decreased before stabilizing;
the lower the rain intensity, the sooner stabilization tended to occur (at 60 mm/h and
80 mm/h, approximately 40 min, and at 40 mm/h, approximately 45 min (5◦), 50 min (10◦),
and 65 min (15◦), respectively). For different slopes, TN loss in subsurface alfalfa treatment
runoff was comparable to that for bare soil under the same rainfall intensity and different
slope conditions; except for the 5◦ slope of 40 mm/h treatment, other treatments increased
gradually with increased slope.
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3.1.2. Effect of Rainfall Intensity and Slope on NO3
−-N Loss in Surface Runoff

For different rainfall intensities, slopes and vegetation, losses of NO3
−-N and TN in

surface runoff with rainfall duration are similar (Figure 3). At different rainfall intensities,
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slopes, and with vegetation cover, NO3
−-N loss in surface runoff first declined slowly

and then stabilized approximately 25 min after rainfall commenced. For a given slope,
NO3

−-N loss in surface runoff under bare soil and alfalfa increased with increased rainfall
intensity. For a given rainfall intensity, slope affected NO3

−-N loss in surface runoff under
bare soil, and alfalfa was greatest at 10◦ and lowest at 5◦. The NO3

−-N loss in subsurface
runoff under bare soil and alfalfa gradually decreased with increased rainfall intensity and
increased with increased slope.
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3.1.3. Effect of Rainfall Intensity and Slope on NH4
+-N Loss in Surface Runoff

The NH4
+-N loss in surface runoff first decreased, then tended to stabilize in bare soil

treatments (Figure 4). For a given slope, NH4
+-N loss increased with increased rainfall

intensity, but variation was slight. For a given rainfall intensity, NH4
+-N loss increased with

increased slope, peaking at 10◦, and then decreased at 15◦. The NH4
+-N loss in subsurface

runoff first decreased and then fluctuated with continued rainfall, stabilizing approximately
20 min after the generation of runoff. For a given slope, NH4

+-N loss in subsurface runoff
gradually decreased with increased rainfall intensity, especially at 10◦ and 15◦. For a given
rainfall intensity, NH4

+-N loss in subsurface runoff gradually increased with increased
slope. Variation in NH4

+-N loss with time in alfalfa treatments was similar for bare soil,
but fluctuation in subsurface runoff was greater. For alfalfa treatments for a given slope,
NH4

+-N loss in subsurface runoff gradually decreased with increased rainfall intensity.

3.2. Nitrogen Loss in Runoff: Slope Characteristics in Bare Soil and Alfalfa Treatments
3.2.1. Nitrogen Loss in Runoff in Bare Soil Treatments

The TN loss in surface runoff at different rainfall intensities and slopes ranged
47.44–447.55 mg (Table 1). For a given rainfall intensity, TN loss was greatest at 10◦ and
lowest at 5◦; TN loss in surface runoff at 10◦ peaked at 447.55 mg 80 mm/h rainfall. For
a given slope, TN loss increased with increased rainfall intensity; at 80 mm/h, TN loss
was 2.02× that at 60 mm/h. The TN loss in subsurface runoff ranged 8.89–40.45 mg for
different rainfall intensities and slopes; TN loss in surface runoff was 1.72–29.60× that of
subsurface runoff for the same conditions. There was no obvious relationship between TN
loss, rainfall intensity, or slope in subsurface runoff.
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Table 1. Total amount and morphology of nitrogen loss in runoff from bare soil at different rainfall
intensities and slopes.

Rainfall
Intensity
(mm/h)

Slope
(◦)

TN
(mg)

NO3−-N
(mg)

Proportion
of NO3−-N
in TN (%)

NH4
+-N

(mg)

Proportion
of NH4

+-N
in TN (%)

Surface
runoff

40
5 62.96 45.39 72.09 2.74 4.35
10 97.33 79.05 81.22 4.73 4.86
15 89.19 67.03 75.15 2.88 3.23

60
5 164.78 131.11 79.57 8.12 4.93
10 249.12 193.61 77.72 14.36 5.76
15 233.53 174.05 74.53 9.75 4.18

80
5 345 290.51 84.21 16.59 4.81
10 447.55 351.46 78.53 30.24 6.76
15 417.02 321.15 77.01 23.86 5.72

Subsurface
runoff

40
5 36.54 32.4 88.67 1.14 3.12
10 40.1 30.79 76.78 1.52 3.79
15 38.91 31.9 81.98 1.4 3.60

60
5 35.45 26.92 75.94 0.99 2.79
10 35.3 27.16 76.94 1.07 3.03
15 37.7 30.86 81.86 1.25 3.32

80
5 37.35 28.09 75.21 1.13 3.03
10 40.45 29.26 72.34 1.01 2.50
15 35.85 28.76 80.22 0.97 2.71

Total losses of NO3
−-N and NH4

+-N in surface runoff were 33.03–351.46 mg and
1.38–30.24 mg, respectively. Loss of both in surface runoff increased with rainfall intensity
and slope, as did TN; the total loss of NO3

−-N in surface runoff accounted for 69.62–84.21%
of TN loss, and the total NH4

+-N loss accounted for 2.91–6.76% of TN loss. Losses of
total NO3

−-N and NH4
+-N in subsurface runoff ranged 7.56–32.4 mg and 0.25–1.52 mg,

respectively. For any given conditions, the total loss of NO3
−-N in surface runoff was

1.40–30.09× that of subsurface runoff; the minimum difference in the 5◦ slope of 40 mm/h
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was 1.40×. The total NH4
+-N loss in surface runoff was 2.06–61.54× that of subsurface

runoff. Nitrogen lost in runoff from bare soil conditions was mainly in the form of NO3
−-N.

3.2.2. Nitrogen Loss in Runoff in Alfalfa Treatments

TN loss in alfalfa surface runoff at different rainfall intensities and slopes ranged
14.56–230.37 mg and varied in the same manner as loss in bare soil (Table 2). However,
TN loss of alfalfa runoff was 48.29–69.31% lower than that of bare soil at different rainfall
intensities and slopes; this effect decreased with increased rainfall intensity and slope. The
TN loss in subsurface runoff ranged 11.52–19.74 mg; TN loss of alfalfa subsurface runoff
was 46.97–56.93% lower than that of bare soil at different rainfall intensities and slopes.

Table 2. Total nitrogen loss, control efficiency, and proportion of nitrogen in runoff at different rainfall
intensities and slopes.

Rainfall
Intensity
(mm/h)

Slope
(◦)

TN
(mg)

TN
Reduction

(%)

NO3−-N
(mg)

NO3−-N
Reduction

(%)

Proportion of
NO3−-N in TN

(%)

NH4
+-N

(mg)

NH4
+-N

Reduction
(%)

Proportion of
NH4

+-N in TN
(%)

Surface
runoff

40
5 21.3 66.71 14.67 67.68 68.87 0.49 82.12 2.30

10 36.75 62.24 29.86 62.23 81.25 1.51 68.08 4.11
15 35.21 60.52 26.34 60.70 74.81 1.21 57.99 3.44

60
5 77.34 53.07 55.70 57.52 72.02 2.60 67.98 3.36

10 119.93 51.86 87.38 54.87 72.86 5.29 63.16 4.41
15 115.07 50.73 83.42 52.07 72.50 4.88 49.95 4.24

80
5 172.25 50.07 137.85 52.55 80.03 6.98 57.93 4.05

10 230.37 48.53 177.56 49.48 77.08 13.1 56.68 5.69
15 215.66 48.29 162.38 49.44 75.29 10.73 55.03 4.98

Subsurface
runoff

40
5 17.08 53.26 12.45 61.57 72.89 0.90 21.27 5.27

10 17.27 56.93 13.41 56.45 77.65 1.18 22.07 6.83
15 19.06 51.02 14.49 54.58 76.02 1.14 19.10 5.98

60
5 15.47 56.36 10.62 60.55 68.65 0.85 14.42 5.49

10 15.53 56.01 10.27 62.19 66.13 0.97 9.73 6.25
15 19.43 48.46 14.58 52.75 75.04 1.00 19.42 5.15

80
5 19.74 47.15 14.00 50.16 70.92 0.86 24.05 4.36

10 18.46 54.36 12.87 56.02 69.72 0.98 3.36 5.31
15 19.01 46.97 12.07 58.03 63.49 0.94 3.80 4.94

Total NO3
−-N loss in alfalfa treatments in runoff ranged 8.4–177.56 mg at different

rainfall intensities and slopes. Compared with bare soil, NO3
−-N loss in runoff in alfalfa

treatments was 49.44–74.57% lower. For different rainfall intensities and slopes, NO3
−-N

loss accounted for 57.69–81.25% of TN loss. For subsurface runoff, NO3
−-N loss in alfalfa-

treatment subsurface runoff was lower than surface runoff, ranging 6.91–14.58 mg. NO3
−-N

loss of alfalfa subsurface runoff was 50.16–62.19% lower than that of bare soil.
NH4

+-N loss from alfalfa runoff ranged 0.38–13.1 mg. Compared with bare soil,
NH4

+-N loss in runoff in alfalfa treatments was 55.03–82.12% lower. NH4
+-N loss from

alfalfa subsurface runoff ranged 0.43–1.18 mg; the total NH4
+-N loss from the 5◦ slope and

40 mm/h rainfall treatment, 0.90 mg, was higher than that from surface runoff (0.49 mg).
For other conditions, the total NH4

+-N loss from subsurface runoff was less than that from
surface runoff. Alfalfa reduced NH4+-N loss in subsurface runoff by 3.8–22.07% that of bare
soil. The proportion of total NH4

+-N loss to total TN loss in subsurface runoff, 3.73–6.83%,
was higher than that in surface runoff.

With alfalfa cover, N loss in surface runoff occurred mainly as NO3
−-N. Alfalfa

reduced N loss in surface runoff by 48.29–82.12% that of bare soil, and in subsurface runoff,
it reduced N loss by 3.8–62.19%.

3.3. Factors Affecting Runoff and Nitrogen Loss on Sloping Land

Correlations between rainfall intensity, slope, and average loss of TN, NO3
−-N, and

NH4
+-N in surface and subsurface runoff in bare soil conditions are shown in Figure 5a,b.

There is a highly significant positive correlation (p < 0.01) between surface runoff, average
NO3

−-N loss, and rainfall intensity, with correlation coefficients (r) of 0.98 and 0.72, respec-
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tively (Figure 5a). There is a significant positive correlation (p < 0.05) between average TN
and NH4

+-N loss in surface runoff and rainfall intensity, with r = 0.68 and 0.66, respectively.
However, there is a positive correlation between subsurface runoff and rainfall intensity.
Slope has a very significant correlation with average TN loss in subsurface runoff (r = 0.71)
and a significant positive correlation with average NO3

−-N and NH4
+-N loss (r = 0.68 and

0.65) (Figure 5b). For bare soil conditions, rainfall intensity mainly affected surface runoff
and average N loss. For subsurface runoff, both rainfall intensity and (more significantly)
slope significantly affected average N loss.
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analysis of slope and various influencing factors in alfalfa treatments.
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Correlations between rainfall intensity, slope, and average TN, NO3
−-N, and NH4

+-N
losses in alfalfa surface and subsurface runoff are shown in Figure 5c,d. Rainfall intensity
has an extremely significant positive correlation with surface runoff, TN, NH4

+-N average
loss in surface runoff, and total subsurface runoff, with r = 0.98, 0.72, 0.72, and 0.77,
respectively, and it had a significant positive correlation with average NO3

−-N loss in
surface runoff (r = 0.69) (Figure 5c). Slope has a significant positive correlation with TN
loss in subsurface runoff (r = 0.65), and an extremely significant positive correlation with
average NO3

−-N and NH4
+-N loss in subsurface runoff (r = 0.71 and 0.74, respectively)

(Figure 5d). Therefore, rainfall intensity mainly affects surface and subsurface runoff loss,
as well as average N loss in alfalfa treatments.

Stepwise multiple regression analysis using SPSS 20.0 was performed on measured
rainfall data from each trough. Bare land treatments had 0% plant coverage, and alfalfa
treatments had 100% plant coverage. Linear relationships between total rainfall loss were
analyzed for TN (L1), NO3

−-N (L2), NH4
+-N (L3), TN (S1), NO3

−-N (S2), and NH4
+-N (S3)

in surface runoff, based on rainfall intensity (I), slope (S), and vegetation coverage (V). The
following relationships were generated:

L1 = 0.344I + 0.243S − 6.683V − 10.050 (R = 0.912, F = 529.587);
L2 = 0.273I + 0.147S − 5.421V − 7.637 (R = 0.910, F = 516.946);
L3 = 0.020I + 0.015S − 0.411V − 0.670 (R = 0.844, F = 264.43);
S1 = 0.006 I + 0.029S − 0.5063V + 1.982 (R = 0.507, F = 36.901);
S2 = −0.006I − 0.008S − 0.830V − 2.000 (R = 0.520, F = 39.573);
S3 = −0.142I + 0.086S − 0.139V + 0.076 (R = 0.216, F = 5.222).

In the formula, L1 represents the total amount of TN loss in surface runoff (mg); L2 is
the total amount of NO3

−-N loss in surface runoff (mg); L3 is the total amount of NH4
+-N

loss in surface runoff (mg); S1 is the total amount of TN loss in soil flow (mg); S2 is the total
amount of NO3

−-N loss in soil flow (mg); S3 is the total amount of NH4
+-N loss in soil flow

(mg); I is rainfall intensity (mm/h); V is vegetation coverage (%); and S is slope (◦).
Under different plant cover conditions, the correlation coefficients of regression equa-

tions for total TN, NO3
−-N, and NH4

+-N loss in in surface runoff were 0.912, 0.910, and
0.844, respectively. However, correlation coefficients of regression equations for total loss
of TN, NO3

−-N, and NH4
+-N in soil flow were 0.507, 0.520, and 0.216, respectively. This

indicates that multiple regression equations better explain relationships between total loss
of TN, NO3

−-N, and NH4
+-N in surface runoff, vegetation cover, rainfall intensity, and

slope, while the fitting effect on N loss in subsurface runoff is poor.

4. Discussion

The process of soil N loss involves an interaction between surface soil, rainfall intensity,
and runoff, with the N components of surface soil affecting those of runoff. The results are
consistent with those of Wang et al. [24]. We report that for different soil conditions (bare
or covered in vegetation), TN and NO3

−-N loss in surface runoff first decreases and then
stabilizes, and NH4

+-N loss first increases and then stabilizes. This is because NH4
+-N is

unstable and relatively easy to convert. Loss in surface runoff is influenced by factors such
as temperature, oxygen content in water, and microorganisms. Nitrogen loss in surface
runoff increases gradually with rainfall intensity because a certain amount of dissolved
N exists in surface soil, which is easily transported in runoff when rainfall commences,
leading to relatively high N concentrations in surface runoff. With continuous rainfall, N
in surface runoff mainly comes from dissolution and the release of soil-soluble N, which
is a relatively stable process [25]. Therefore, N loss in surface runoff tends to stabilize. In
light rain, this process is relatively slow; therefore, the time required for stabilization time
is longer.

Slope affects the amount of water retained in soil and soil loss (especially erosion).
Both water and soil transport N [26]. Therefore, N loss is affected by slope, thereby
affecting the effect of plant control on N loss in slope farmland. The greatest loss of TN,
NO3

−-N, and NH4
+-N occurred on land with a 10◦ slope (10◦ > 15◦ > 5◦), possibly because
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rainfall area decreases at higher gradients, and the rapid runoff that ensues reduces the
ability of raindrops to erode the soil, thereby reducing N loss in surface runoff. This is
consistent with Hu et al. [27], who reported losses of NO3

−-N and NH4
+-N to vary with

slope (0◦ > 27◦ > 18◦ > 9◦, and 9◦ > 0◦ > 27◦ > 18◦, respectively), and Zhang Jiaqi et al., who
reported that for different slope conditions, 25◦ was critical for N loss [28].

We report TN and NO3
−-N loss in subsurface runoff to first increase, then decrease,

and to then tend to stabilize for different rainfall intensity, soil cover (bare or vegetated),
and slope. This is because with runoff progression, soil moisture is subjected to gravity,
and the runoff rate gradually increases. Subsurface runoff and soil particles come into
full contact, and TN loss in subsurface runoff increases [29]. With continued subsurface
runoff, the amount of easily dissolved N on the surfaces of soil particles decreases, and TN
loss in subsurface runoff decreases after initially peaking, eventually stabilizing. Zhang
et al. reported TN loss in subsurface runoff to first increase, then decrease, and then to
stabilize [30]. We report that with bare soil or vegetation cover, TN and NO3

−-N loss
in subsurface runoff initially fluctuates before decreasing to a stable state in vegetated
treatments, but this did not occur for bare soil treatments. This may be because during
early stages of subsurface runoff (although easily soluble N contents in soil are high),
runoff in soil is reduced, soil N is not completely dissolved, and TN and NO3

−-N loss is
relatively low. With continuous rainfall, subsurface runoff in soil gradually increases, N is
fully dissolved and released, and TN and NO3

−-N loss gradually increases. Eventually,
subsurface runoff stabilizes, while TN and NO3

−-N loss gradually increases. NO3
−-N

loss gradually decreases, resulting in TN and NO3
−-N loss decreasing [31,32]. At different

rainfall intensities and slopes, NH4
+-N loss in subsurface runoff on bare soils gradually

increased with continuous rainfall, while NH4
+-N loss in subsurface runoff in alfalfa-

covered treatments first increased but then fluctuated. Variation in subsurface runoff and
NH4

+-N loss at different rainfall intensities affects loss [33]. Vegetation can effectively
reduce both soil erosion on sloping farmland and nutrient loss. Fu et al. [34] reported
increased vegetation cover to decrease surface runoff on sloping land, similar to our results.
Compared with bare soil, TN, NO3

−-N, and NH4
+-N loss in surface runoff in alfalfa

treatments was 48.29–69.31%, 49.44–74.57%, and 55.03–82.12% lower, respectively, between
different rainfall intensities and slopes. TN, NO3

−-N, and NH4
+-N loss in alfalfa subsurface

runoff was lower than that of bare soil by 46.97–56.93%, 50.16–62.19%, and 3.8–22.07%
at different rainfall intensities and slopes. The low N loss efficiency of alfalfa gradually
decreased with increased rainfall intensity and slope. Alfalfa branches and leaves reduce
the impact of raindrops on soil. With increased slope, the interception effect of the above-
ground part is reduced because of gravity, and the ability of raindrops to erode the soil
increases, reducing control efficiency [35].

We report rainfall intensity to be significantly positively correlated with surface runoff
and average N loss in surface runoff, and significantly negatively correlated with average
N loss in subsurface runoff. Slope is significantly positively correlated with average N loss
in subsurface runoff [36,37]. While significant correlations between rainfall intensity and
subsurface runoff have been formerly reported, Duan et al. reported rainfall intensity to not
significantly correlate with subsurface runoff [38]. We draw a similar conclusion; under bare
soil conditions, rainfall intensity and slope do not significantly correlate with subsurface
runoff volume. The results of our study are comparable to those of Guan et al. [39],
with multiple regression simulations of the relationship among nitrogen loss and rainfall
intensity, slope, and runoff performed. Under bare soil and alfalfa conditions, different
N loss amounts showed good simulation results with respect to rainfall intensity, slope,
and runoff.

While we collected surface and subsurface runoff samples during 90 min of rainfall,
subsurface runoff would persist following this period. Accordingly, runoff volumes and N
loss following rainfall are unclear. Continuous monitoring of subsurface runoff following
rainfall is required. Additionally, we only explored the loss of N in surface and subsurface
runoff; determining the overall movement of N from the soil to the plant requires further
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investigation. In future work, other agricultural crops or slope protection plants could
be selected to examine root–soil complexes, enhance erosion resistance, and effectively
intercept runoff generated by rainfall. The selective planting of plants with N-fixing
properties can better reduce N in runoff, especially the available N that can be directly used
by plants. The overall effect of rainfall intensity throughout the entire process is greater than
other factors; we consider rainfall as most affecting N loss on sloping farmland. Therefore,
the monitoring of water quality in the Miyun reservoir should be observed following heavy
rain and rainstorm events for early detection of possible water-body eutrophication.

5. Conclusions

Based on our experimental simulation of runoff and N loss in bare soil and alfalfa-covered
treatments at different slopes and for different rain intensities, we conclude the following:

(1) Under different plant cover conditions, slope runoff in the Miyun Reservoir occurs
mainly as surface runoff. The planting of alfalfa can significantly reduce N loss in runoff.
Most N is lost in surface runoff, but average N loss in soil runoff exceeds that of surface
runoff. Reducing N loss in surface runoff is of practical significance in the Miyun Reservoir.
It is recommended to use intercropping planting modes in production to control N loss
from this watershed.

(2) Most N in slope runoff is in the form of soluble NO3
−N. Accordingly, care must be

taken when applying N fertilizer. Either less should be applied or it should be applied in
combination with organic fertilizer, and it should not be applied before rainfall.
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