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Abstract: Water and nitrogen losses from farmland during the snowmelt process play a vital role in
water and nitrogen management in cold regions. To explore the mechanisms and factors contributing
to water and nitrogen loss from different sloping farmlands during the snowmelt period, field
experiments were conducted under two slope treatments (8◦ and 15◦), two soil water content (SWC)
treatments, and two snow water equivalent (SWE) (5 mm and 10 mm) treatments in a seasonal
freezing agricultural watershed of Northeast China. The results showed that during the snowmelt
process, SWE was the most important factor affecting water and nitrogen production through the
surface and total runoff of the sloping farmland, followed by the slope. The water and nitrogen
yield in the high snow (HS) treatments ranged from 1.76 to 8.15 and 1.65 to 12.62 times higher than
those in the low snow (LS) treatments. The generation of nitrogen was advanced compared with
that of water induced by the preferential production of nitrogen. A higher slope promoted this
preferential production function of nitrogen. Enhanced infiltration combined with the preferential
yield of nitrogen resulted in a greatly decreased yield of water and nitrogen in the gentle slope and
LS (GS_LS) treatments. These findings are valuable for accurately describing the water and nitrogen
cycling in seasonally freezing sloping farmland.

Keywords: ammonium nitrogen; farmland; nitrate nitrogen; slope; snowmelt; soil water content

1. Introduction

Nonpoint nitrogen losses from farmland play a vital role in the degeneration of soil
and aquatic ecosystems [1–3]. Snowmelt is a key factor in driving nitrogen export from
farmland in seasonal freezing agricultural watersheds [4,5]. Exploring the critical factors
affecting water and nitrogen losses from farmland during the snowmelt process is of great
value to the management of water resources and nitrogen application in these regions.

The factors affecting water and nitrogen losses during the snowmelt process can be
grouped into factors affecting water and nitrogen sources and sinks and factors affecting
their migration paths [6–9]. For instance, irrigation and autumn rain can increase the soil
water content [10,11], and the temperature potential during the freezing period drives
this water upward to the surface soil [12]. The higher water content in the frozen soil
significantly decreases the soil infiltration capacity and increases the runoff coefficient [8,13].
The amount of snowmelt [14], snowfall/total precipitation ratio [3], occurrence of rain
on snow events [15], and temperature rise events during winter can greatly influence
the surface water storage form (liquid water, snow or ice) before snowmelt [16], which
determines the release quantity and rate of water supplied to water generation. Moreover,
the refreezing of snowmelt water can form basal ice below the snow cover [17], which can
greatly enhance the snowmelt water yield [18]. The melting of frozen soil changes flow
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paths and depression storage losses [19] and influences the partitioning of snowmelt water
into surface runoff, subsurface runoff, and groundwater [20].

For nitrogen, fertilization during the plant growing season increases the soil nitrogen
content. The freezing-thawing processes in late autumn and early winter can affect soil
nitrogen content by changing the soil’s physical (aggregate destruction, anaerobic and aero-
bic environment alternation) [21,22], chemical (salinity, pH) [23], and biological (structure,
quantity, diversity, and activity of soil microbial communities) properties [24,25]. Together
with the higher atmospheric nitrogen deposition induced by snow accumulation [26], and
the reduced nitrogen loss caused by the decreased runoff generation [27], there exists a
higher risk of excess nitrogen export during the snowmelt process.

Sloping farmlands exist widely in seasonal freezing regions. These farmlands are
mostly cultivated with rain-fed crops, in which the overapplied nitrogen fertilizer easily
accumulates in the soil due to the lack of infiltration and runoff generation processes
during the fallow period [28]. On the other hand, these sloping farmlands more easily
accumulate snow because of wind-drifting snow [29]. As a result, these areas always
contribute most of the water and nitrogen export during the snowmelt process because of
shorter access to the river and the easily occurring “flushing effect” [4,5]. Many studies
have been carried out to study the factors affecting snowmelt-induced water and nitrogen
export from sloping fields. For instance, Harms et al. [30] found that the slope aspect had a
major influence on soil temperature and moisture, and south-facing slopes produced the
earliest snowmelt but yielded the least amount of runoff. Hinckley et al. [31] discovered that
snowmelt events that occurred on south-facing slopes quickly transported soil nitrogen into
aquatic systems compared with north-facing slopes. Zhao et al. [5] conducted a watershed
monitoring experiment in an agricultural watershed and found that nitrogen was mostly
flushed into rivers by water from steeper areas (>6◦) and lower slope areas (<2◦) along the
river, which consumed snowmelt water and nitrogen through depression and retention
storage. However, these studies were mostly conducted at the watershed or hill scale,
and the influencing factors were unmanageable [5,30,31]. Thus, their conclusions were
mostly gained from qualitative analysis, lacking quantitative and statistical results [31].
Control experiments researching the water and nitrogen losses from sloping farmland
during snowmelt are still rare.

In this study, we hypothesized that slope, soil water content (SWC), and the snow
water equivalent (SWE) were the main factors affecting water and nitrogen exports from
sloping farmlands during the snowmelt. Additionally, conducted the field experiments that
explored the processes of runoff and nitrogen loss on different treatments of these factors,
and identified the controlling factors affecting water and nitrogen generation, amount, and
division in surface and subsurface runoff.

2. Materials and Methods
2.1. Experimental Site Description

The study site was located in Shuangyang District (43◦21′ N, 125◦37′ E), Changchun,
Jilin Province, China (Figure 1). Shuangyang is dominated by a humid continental climate,
with a mean annual temperature of 4.8 ◦C and precipitation of 624.7 mm, of which 50 mm
occurs in the form of snow. The freezing period begins in the middle of November and
lasts until early March of the next year. The lowest temperature and deepest soil frozen
depth ever recorded were −36.5 ◦C and 158 cm, respectively. Six soil samples (0–20 cm)
were randomly collected on the slope to identify their soil texture. The soil was loam,
with 4.18% clay (<0.002 mm), 44.52% silt (0.020–0.002 mm), and 51.31% sand (>0.020 mm).
The soil bulk density was measured by the cutting ring method and was 1.41 g·cm−3 on
average [32].
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Figure 1. Map of study region and experimental plots: (a) Location of the experimental plots; (b) 
Arrangement and construction of experimental runoff plots (GS—gentle slope; SS—steep slope; 
LS—low snow; HS—high snow; LSW—low soil water; HSW—high soil water). 

2.2. Sloping Farmland Preparation 
As shown in Figure 1, the experimental plots were established in the sloping maize 

land, of which the upper half had an average slope of 15° and the lower half had an aver-
age slope of 8°. The whole field was set up with eight plots with an area of 2.4 m × 7.0 m, 
and a 0.6 m wide path was reserved between each pair of plots as a sidewalk. The exper-
imental plots were surrounded by high-density polyethylene (HDP) film, and each plot 
was divided into three identical test areas (0.8 m × 7.0 m) using HDP film as replicates in 
a treatment. The HDP film around and in the plots was placed 30 cm below and above the 
soil surface to prevent the interaction of the surface or subsurface flow from each test area 
and plot. At the end of each test area, three ‘L’-shaped stainless steel tanks were embedded 
in the soil at depths of 0 cm, 5 cm, and 10 cm to collect and measure surface runoff and 
subsurface flow. 

2.3. Experimental Methods 
The field experiments were conducted under two slope treatments (8° and 15°), two 

snow water equivalent (SWE) treatments (5 mm and 10 mm), and two soil water content 
(SWC) treatments during the snowmelt period of 2022. Before snowmelt, the SWE of the 
natural snowpack was approximately 5 mm. After measuring the snow density, we in-
creased the SWE of high snow treatments to 10 mm through an artificial snow addition 
(March 15). To create a differentiated soil water content, we selected a plot on both steep 
and gentle slopes and covered them with HDP film from October 13 to December 10 to 
prevent the infiltration of rainfall and snowmelt water during that period and created 
lower soil water content treatments. In addition, each steep and gentle slope plot was cho-
sen a plot to cover with HDP film at all times to prevent snowmelt water infiltration dur-
ing the snowmelt period to analyze the relationship between water and nitrogen supply 
by snowmelt and the yield from sloping farmland runoff. Temperature recorders 
(WTOT1, Wangyunshan Information Technology, Fujian, China) were buried in each 
middle test area (upper and lower part) of the experimental plots at depths of 0 cm, 5 cm, 
and 10 cm to measure the soil temperature (every 1 h). The soil temperature variations at 
different depths during the snowmelt process are shown in Figure 2. The air temperature 

Figure 1. Map of study region and experimental plots: (a) Location of the experimental plots; (b)
Arrangement and construction of experimental runoff plots (GS—gentle slope; SS—steep slope;
LS—low snow; HS—high snow; LSW—low soil water; HSW—high soil water).

2.2. Sloping Farmland Preparation

As shown in Figure 1, the experimental plots were established in the sloping maize
land, of which the upper half had an average slope of 15◦ and the lower half had an average
slope of 8◦. The whole field was set up with eight plots with an area of 2.4 m × 7.0 m, and
a 0.6 m wide path was reserved between each pair of plots as a sidewalk. The experimental
plots were surrounded by high-density polyethylene (HDP) film, and each plot was divided
into three identical test areas (0.8 m × 7.0 m) using HDP film as replicates in a treatment.
The HDP film around and in the plots was placed 30 cm below and above the soil surface
to prevent the interaction of the surface or subsurface flow from each test area and plot. At
the end of each test area, three ‘L’-shaped stainless steel tanks were embedded in the soil at
depths of 0 cm, 5 cm, and 10 cm to collect and measure surface runoff and subsurface flow.

2.3. Experimental Methods

The field experiments were conducted under two slope treatments (8◦ and 15◦), two
snow water equivalent (SWE) treatments (5 mm and 10 mm), and two soil water content
(SWC) treatments during the snowmelt period of 2022. Before snowmelt, the SWE of
the natural snowpack was approximately 5 mm. After measuring the snow density, we
increased the SWE of high snow treatments to 10 mm through an artificial snow addition
(March 15). To create a differentiated soil water content, we selected a plot on both steep
and gentle slopes and covered them with HDP film from October 13 to December 10 to
prevent the infiltration of rainfall and snowmelt water during that period and created lower
soil water content treatments. In addition, each steep and gentle slope plot was chosen
a plot to cover with HDP film at all times to prevent snowmelt water infiltration during
the snowmelt period to analyze the relationship between water and nitrogen supply by
snowmelt and the yield from sloping farmland runoff. Temperature recorders (WTOT1,
Wangyunshan Information Technology, Fujian, China) were buried in each middle test
area (upper and lower part) of the experimental plots at depths of 0 cm, 5 cm, and 10 cm
to measure the soil temperature (every 1 h). The soil temperature variations at different
depths during the snowmelt process are shown in Figure 2. The air temperature was
monitored at the Shuangyang weather station located 5.9 km northwest of the experimental
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plot. Soil samples were collected 5 cm a layer to the depths of 20 cm in each of the two test
areas (close to the sidewalk) of the experimental plots before (March 8), and after (March
26) the snowmelt process, three sampling points (upper, middle, and lower) on the slope
were chosen for each test area (Figure 1b). In total, six soil sites were sampled for each
treatment as replications. These soil samples were collected using a power sampling drill
(5 cm diameter), and parts were used to measure soil water content by an oven-drying
method [32]. The other parts were extracted with a soil water ratio of 1:5 to measure
soil ammonium nitrogen (NH4

+-N) and nitrate nitrogen (NO3
−-N) content. SWE was

monitored from 8:30 to 18:00 on each day in intervals from 0.5 to 2 h using a snow drill
with a diameter of 5 cm. Every time, three replications of snow were collected in each
treatment to measure SWE. Snowmelt water was collected once it was generated, and the
sampling time was recorded. The monitoring interval was approximately 10–30 min, and
the runoff rate was recorded as the ratio of the water collected in the measuring cup to the
interval time. This water was filtered through 0.25 mm membrane filters and frozen in
the refrigerator together with the soil extraction until analysis. The NH4

+-N and NO3
−-

N concentrations of water and soil extraction were measured using a CleverChem 200
automatic continuous analyzer (DeChem-Tech. GmbH, Hamburg, Germany). These soil
and water physical or chemical analyses were performed in the state-key laboratory of
water resources and hydropower engineering science at Wuhan University.
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2.4. Statistical Analyses

Because there are multicollinear relationships between SWE, the soil water content,
and soil nitrogen content, coefficients of principal component regression between them and
the runoff, nitrogen yield, and nitrogen concentration, were calculated to identify the major
affecting factors. Principal component regression analysis was conducted using SPSS 17
(IBM, New York, NY, America). The figures were prepared using Origin 2021 (Origin Lab,
Northampton, MA, America).

3. Results
3.1. Runoff during the Snowmelt Process

As shown in Table 1, the SWE in the high snow (HS) treatments was approximately two
times higher than that in the low snow (LS) treatments. The soil water content (SWC) in the
gentle slope (GS) treatments was higher than that in the steep slope (SS) treatments, and the SWC
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in the high soil water (HSW) treatments was significantly higher than that in the low soil water
(LSW) treatments. Therefore, our method of creating SWE and slope treatments was effective.

Table 1. Snow water equivalent (SWE) and soil water content (SWC) before snowmelt.

Treatments SWE (g)
SWC (%)

0–20 cm 0–5 cm 5–20 cm

SS_HS_HSW 66,677.3 ± 1935.8 24.2 ± 1.6 21.0 ± 2.1 25.3 ± 1.4
SS_LS_HSW 31,266.7 ± 501.6 23.3 ± 0.8 20.8 ± 0.8 24.1 ± 1.4
SS_LS_LSW 33,338.7 ± 211.2 21.8 ± 0.2 20.8 ± 1.4 22.2 ± 0.2

GS_HS_HSW 66,546.7 ± 708.8 25.1 ± 0.5 19.6 ± 2.0 27.0 ± 1.4
GS_LS_HSW 32,928.0 ± 1123.7 24.3 ± 2.3 18.8 ± 3.7 26.1 ± 1.8
GS_LS_LSW 31,770.7 ± 708.8 23.5 ± 0.2 20.2 ± 1.8 24.6 ± 0.3

SWE greatly affected water yield through the surface and total runoff (Figure 3). For
instance, the water yields of the SS_HS treatments through the surface runoff and total
runoff were 1.76 and 2.36 times higher than those of the SS_LS treatments, and the GS_HS
treatments were 8.15 times higher than the GS_LS treatments. The snowmelt process
lasted between 1 and 2 days in low snow treatments (with or without infiltration), while
treatments with artificial snow enhancement lasted 3 days. The generation of the snowmelt
water in the SS of non-infiltrated snowmelt treatments was 2.5 h earlier than that of GS, and
they peaked at 2.0 h and 0.67 h later, respectively. The generation of the surface runoff from
the steep slope farmland was 0.83 h later than that of steep non-infiltrated snowmelt runoff
but >2.5 h earlier than that of gentle slope treatments (with or without infiltration). The
surface runoff peaked between 0.8 and 1.17 h from a generation for the SS_LS treatments,
and between 0.17 and 0.67 h for GS_LS, which were both shorter than those of the HS
treatments (SS: 2.17 h; GS: 1.5 h). Furthermore, subsurface flow only occurred in the
SS_LS_LSW treatment on the first day, and its generation time was 0.67 h later than that
of the surface flow. The runoff started at 9:00 on the second and third days (Mar. 19 and
20) for both the SS and GS treatments but the peak time of the SS treatments was between
0.67 h and 1.5 h earlier than that of the GS treatments, and the generation of subsurface
runoff was between 1 and 2.5 h later than that of the surface runoff.
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The water yield in the SS_LS treatments was between 4.8 and 6.2 times higher than
that of the GS_LS treatments (Table 2). The ratio of runoff to SWE of the SS_LS treatments
was 31.8% and 38.2%, which is 5.0 and 5.9 times higher than those of the GS_LS treatments
(6.3% and 6.5%) (Figure 4a). The water yield and ratio of the runoff to SWE in the high
snow treatments were basically the same (Table 2 and Figure 4a). Most snowmelt waters
were generated on the first day on the steep slope, while the proportion of water yield
during the later days was higher on the gentle slope. High snow treatment also delayed
the generation of snowmelt water. For example, the proportion of runoff generated on
the second and third days of snowmelt was between 62% and 89% for the HS treatments
and between 2% and 42% for the LS treatments (Table 2). During the snowmelt process,
water was mostly generated through surface runoff (Figure 4b), and subsurface runoff only
occurred in the SS_LS_LSW and SS_HS_HSW treatments. The proportions of water yield
through the subsurface in these two treatments were 17.6% and 9.7%.

Table 2. Water yield of different treatments and contribution of different dates during the snowmelt
process (GS—gentle slope; SS—steep slope; HS—high snow; LS—low snow; HSW—high soil water;
LSW—low soil water).

Parameter Treatments Water Yield (g) R (%)

Mar. 19 Mar. 20 Mar. 21 Mar. 22

Snowmelt
SS_Snowmelt 28,394.0 ± 1516.6 100 0 0 0
GS_Snowmelt 29,639.1 ± 4601 44 56 0 0

Surface
runoff

SS_HS_HSW 32,608.5 ± 2207.3 41 53 6 0
SS_LS_HSW 9929.4 ± 4164.2 91 9 0 0
SS_LS_LSW 10,503.5 ± 3494.5 97 3 0 0
GS_HS_HSW 35,424.1 ± 12,362.9 11 38 51 0
GS_LS_HSW 2078.6 ± 1251.8 58 42 0 0
GS_LS_LSW 2055.8 ± 1484.8 97 3 0 0

Subsurface
runoff

SS_HS_HSW 3496.3 ± 2877.5 0 55 40 6
SS_LS_HSW 19.4 ± 27.5 100 0 0 0
SS_LS_LSW 2243.1 ± 2023.5 100 0 0 0
GS_HS_HSW 0.0 - - - -
GS_LS_HSW 0.0 - - - -
GS_LS_LSW 0.0 - - - -

Total runoff

SS_HS_HSW 36,104.9 ± 4776.4 37 53 9 1
SS_LS_HSW 9948.8 ± 4175.9 91 9 0 0
SS_LS_LSW 12,746.6 ± 4425 98 2 0 0
GS_HS_HSW 35,424.1 ± 12,362.9 11 38 51 0
GS_LS_HSW 2078.6 ± 1251.8 58 42 0 0
GS_LS_LSW 2055.8 ± 1484.8 97 3 0 0
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3.2. Nitrogen Losses during the Snowmelt Process

As shown in Table 3, the NH4
+-N content or concentration in the snow and soil was

lower than that of NO3
−-N before the snowmelt. On average, the NH4

+-N and NO3
−-

N contents of the surface soil (0–5 cm) were 1.7 and 1.3 times higher than those in the
subsurface soil (5–20 cm). The proportion of NH4

+-N to inorganic nitrogen (NH4
+-N +

NO3
−-N) was 0.37 in the snow but, on average, between 0.46 and 0.41 in the surface and

subsurface soil, respectively.

Table 3. Nitrogen (ammonium nitrogen: NH4
+-N; nitrate nitrogen: NO3

−-N) in snow and extracted
soil water before snowmelt.

Treatments
Snow_N (mg) S_NH4

+-N (mg/L) S_NO3−-N (mg/L)

NH4
+-N NO3−-N 0–20 cm 0–5 cm 5–20 cm 0–20 cm 0–5 cm 5–20 cm

SS_HS_HSW 105.9 ± 3.1 176.8 ± 5.1 4.3 ± 0.5 7.6 ± 0.1 3.2 ± 0.7 4.1 ± 0.8 4.2 ± 0.8 4.1 ± 0.8
SS_LS_HSW 49.7 ± 0.8 82.9 ± 1.3 5.2 ± 0.9 6.9 ± 0.5 4.7 ± 1.0 3.6 ± 1.2 4.7 ± 2.5 3.3 ± 0.8
SS_LS_LSW 53.0 ± 0.3 88.4 ± 0.6 4.3 ± 1.3 8.1 ± 3.9 3.0 ± 0.4 7.7 ± 2.4 10.0 ± 2.9 6.9 ± 2.3
GS_HS_HSW 105.7 ± 1.1 176.4 ± 1.9 5.4 ± 0.6 6.7 ± 0.8 5.0 ± 0.5 7.7 ± 1.9 8.6 ± 1.9 7.4 ± 1.9
GS_LS_HSW 52.3 ± 1.8 87.2 ± 3.0 5.3 ± 0.2 5.8 ± 0.5 5.1 ± 0.4 8.2 ± 0.5 8.9 ± 0.7 8.0 ± 0.9
GS_LS_LSW 50.5 ± 1.1 84.2 ± 1.9 4.2 ± 0.0 5.0 ± 1.2 3.9 ± 0.4 9.6 ± 1.9 14.0 ± 1.7 8.1 ± 3.1

The variations in NH4
+-N and NO3

−-N yields during the snowmelt process were
similar to those during the water generation process. The nitrogen yields of the SS_HS
treatments through surface runoff and total runoff were between 1.65 and 3.01 times higher
than those of the SS_LS treatments, and those of the GS_HS treatments were between 6.59
and 12.62 times higher than those of the GS_LS treatments. The generation of NH4

+-N and
NO3

−-N was advanced compared with that of water (Figures 5 and 6 and Table 4). For
instance, on average, the first 10%/30% of the surface runoff water yielded 13.1%/34.7%,
16.8%/41.6%, and 23.9%/51.6% of NH4

+-N for SS treatments from Mar. 19 to Mar.21,
respectively and yielded 11.1%/31.4%, 14.4%/37.3%, and 10.2%/30.3% of NH4

+-N for GS
treatments on these days, respectively. The corresponding proportion for NO3

−-N of the SS
treatments was 12.2%/30.4%, 13.7%/34.8, and 16.4%/40.7%, respectively, and 11.4%/31.8%,
14.3%/37.0%, and 12.7%/33.8% for NO3

−-N of the GS treatments, respectively (Table 4).
These rules were also observed in the nitrogen yield through the total runoff. However,
the proportion of the nitrogen yield during the first day (Mar. 19) of the snowmelt process
for the LS treatments decreased compared with the proportion of water yield, and these
decreases were higher for the NO3

−-N yield (−4% to −6% for NH4
+-N, and 0 to −30%

for NO3
−-N) (Tables A1 and A2). The flow-weighted mean NH4

+-N concentration of the
snowmelt water (non-infiltration treatments) was higher than that of the surface, subsurface,
and total runoff. The flow-weighted mean NO3

−-N concentration of the snowmelt water
was higher than that of the surface and total runoff (except GS_HS_HSW) but lower than
that of the subsurface runoff. The flow-weighted mean NH4

+-N concentration of subsurface
runoff was lower than that of the surface runoff, while NO3

−-N was higher. Moreover, the
flow-weighted mean NH4

+-N and NO3
−-N concentrations of the surface, subsurface, and

total runoff were mostly lowest on the first day and increased on the flowing day, which
was opposite for the snowmelt water (Tables A1 and A2).
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The ratio of the NH4
+-N yield for the total runoff to the NH4

+-N stored in the snow
was, on average, −15.1% lower than that of water (Figures 4a and 7a), and the ratio of the
NO3

−-N yield in the total runoff to the NO3
−-N stored in the snow decreased by −4.4%

compared with that of water (Figures 4a and 7c). The ratio of the nitrogen yield in the total
runoff to the nitrogen stored in the snow for the SS_LS treatments was between 2.8 and
6.4 times higher than that of the GS_LS treatments, while the ratio was basically the same
in the HS treatments. The proportions of NH4

+-N yield through the subsurface runoff in
the SS_LS_LSW and SS_HS_HSW treatments were 17.5% and 8.1%, respectively, which is
close to those of the water yield. However, the corresponding proportion of the NO3

−-N
yield through subsurface runoff in these two treatments was between 1.5 and 3.9 times
higher than that of water (Figure 7b,d).
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Table 4. Proportion of water and nitrogen export through surface runoff during the early snowmelt
period.

Date Slope Water Yield
(%)

NH4
+-N (%) NO3−-N (%)

Snowmelt
Water

Surface
Runoff

Snowmelt
Water

Surface
Runoff

Mar. 19
Gentle

10 13.4 11.1 13.7 11.4
30 38.8 31.4 39.5 31.8

Steep 10 14.6 13.1 14.2 12.2
30 42.1 34.7 40.7 30.4

Mar. 20
Gentle

10 19.4 14.4 19.3 14.3
30 47.2 37.3 46.2 37.0

Steep 10 - 16.8 - 13.7
30 - 41.6 - 34.8

Mar. 21
Gentle

10 - 10.2 - 12.7
30 - 30.3 - 33.8

Steep 10 - 24.0 - 16.5
30 - 51.6 - 40.7
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4. Discussion
4.1. Critical Factors Affecting Snowmelt Water Loss from Sloping Farmland

Surface runoff accounted for between 80.4% and 100% of the snowmelt runoff from
the sloping farmland (Figure 3b). Therefore, the factors affecting runoff and surface runoff
generation from the sloping farmland were similar (Figure 8). SWE was the main factor
affecting runoff, surface runoff, subsurface runoff, and the ratio of total runoff to SWE,
followed by the slope. A higher snow depth delayed the occurrence of the snowmelt
(Figure 3) because snow could retain part of the snowmelt water, which may be refrozen
in or below the snowpack and melt on the following days [33]. Therefore, the proportion
of snowmelt water generated on the second and third days was much higher in the HS
treatments (Table 2). The water yields of the HS treatments through the surface runoff
and total runoff were between 1.76 and 8.15 times higher than those of the LS treatments
(Table 2). Furthermore, enhanced snow accumulation also greatly increased the ratio of the
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total runoff to SWE (Figure 4). The reason could be that deeper snow existed for a longer
time and provided a better and longer-lasting insulation function (Figure 3) [34,35]. As a
result, the soil temperatures of the HS treatments were much lower than those of the LS
treatments (Figure 2). This contributed to the maintenance of frozen soil [36,37], which can
significantly reduce the infiltration capacity of soil and increase the water yield [20].
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soil water content (SWC), surface soil water content (SWC_S), subsurface soil water content (SWC_SB)
and runoff, surface runoff, subsurface runoff, ratio of surface runoff to runoff, and runoff to SWE.

A higher slope advanced the generation time of the snowmelt runoff on the first day
(Figure 3) and greatly increased the water yield and the ratio of the total runoff to SWE
in the LS treatments (between 4.8 and 6.2 times higher) (Figure 4a and Tables A1 and A2).
However, the water yield and ratio of the total runoff to SWE in the HS treatments were
similar for both SS and GS treatments, indicating that the slope only displayed a significant
influence on runoff when the SWE was sufficiently low. The reason could be that the snowmelt
water stayed longer on the GS treatments [38], and a smaller slope was not conducive to the
production of the subsurface runoff when the soil was frozen. Therefore, more snowmelt
water was lost through infiltration and evaporation, and less water was generated in the gentle
slope treatments [5]. This can be verified by the changes in the soil water before and after the
snowmelt, as shown in Table 5. The surface soil water content increased from 0.7% to 2.0% in
the GS treatments and decreased from 0.3% to 2.8% in the SS treatments, indicating that more
snowmelt water was restrained in the soil of the gently sloping farmland. Consequently, the
subsurface flow only occurred in the SS treatments (Figure 3).

Table 5. Differences in soil water content at different soil depths before and after snowmelt.

Soil Depth
(cm)

Changes of Soil Water Content (%)

SS_HS_HSW SS_LS_HSW SS_LS_LSW GS_HS_HSW GS_LS_HSW GS_LS_LSW

0–5 −0.3 ± 1.9 −2.7 ± 1.2 −2.8 ± 1.0 2.0 ± 1.0 1.3 ± 2.5 0.7 ± 2.5
5–10 −3.5 ± 0.3 −3.6 ± 1.5 −5.0 ± 0.7 −6.0 ± 1.8 −5.5 ± 0.8 −2.2 ± 0.5
10–15 −4.6 ± 2.1 −6.0 ± 2.4 −1.4 ± 0.8 −0.5 ± 0.5 −3.0 ± 0.1 −2.2 ± 2.9
15–20 −0.5 ± 3.0 0.6 ± 0.1 1.5 ± 1.4 −2.1 ± 3.7 −6.2 ± 4.5 0.2 ± 0.6

The soil water contents (SWC, SWC_S, and SWC_SB) had a slightly positive effect on
the water yield through the total runoff, surface runoff, and the ratio of the total runoff to
SWE. SWC and SWC_SB had a negative effect on the water yield through subsurface runoff
(Figure 8). The reason was that the water conductivity of the frozen soil was quite low, and
an obvious subsurface runoff could only occur in the melted soil [39,40]. Frozen soil with
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higher SWC required more heat to melt it [41,42], but a higher SWC in the frozen soil also
significantly decreased the infiltration of the snowmelt water, which was the main source
of heat during the snowmelt process [13,43]. The relationship between the average soil
temperature during the snowmelt process and the corresponding SWC before the snowmelt
is shown in Figure 9, and we found that the average temperature decreased with increasing
SWC, which confirmed our analysis.
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4.2. Critical Factors Affecting Nitrogen Losses from Sloping Farmland during Snowmelt

The factors affecting the NH4
+-N and NO3

−-N yield were similar to those affecting
the water yield (Figure 10), indicating that the sources and migration paths of water and
nitrogen were almost the same during this snowmelt process. However, as observed in
Figure 6, the generation of nitrogen was advanced compared with that of water. For
instance, on average, 18.0%/42.7% and 11.9%/32.7% and NH4

+-N in the surface runoff of
the SS and GS treatments were released during the first 10%/30% of the surface runoff, and
the corresponding proportions of NO3

−-N were 14.1%/35.3% and 12.8%/34.2% (Table 4).
The reason could be that the changes in temperature, pressure, and humidity caused the
snow grains to metamorphose and form crystals [44] and promoted the separation of solutes
from the inner lattice of these ice crystals to gather on their surface [45]. This redistribution
of ions within the snowpack caused snow fractionation and promoted the ammonium and
nitrate ions to be preferentially eluted with the percolating meltwater, which induced an
early melt nitrogen pulse [46,47]. The nitrogen yield from the SS was ahead of that from GS
during the early snowmelt period, indicating that SS was more conducive to the preferential
production of nitrogen during the snowmelt process. Furthermore, the preferential elution
effect of nitrogen was more significant in the snowmelt water than in the surface runoff
(Table 4), and the ratio of the NH4

+-N and NO3
−-N yield in the total runoff to that stored

in the snow was lower compared with that of water (Figures 4 and 7). The reason for this
was that the early export of snowmelt with a high nitrogen concentration infiltrated into
the soil, and these losses were high in GS. Thus, the ratio of the nitrogen yield in runoff to
the nitrogen stored in the snow for the SS_LS treatments was between 2.8 and 6.4 times
higher than that of the GS_LS treatments.

Moreover, the flow-weighted mean nitrogen concentration of the surface, subsurface,
and total runoff mostly increased from the first day to the flowing days, while it decreased
for the snowmelt water (Tables A1 and A2). This phenomenon can be attributed to the
extraction of soil nitrogen by snowmelt water [5]. The longer the snowmelt water was
attached to the soil, the more nitrogen it extracted from the soil.

The migration characteristics of ammonium and nitrate ions also affected their export
process. The charge of ammonium ions is positive, and that of nitrate ions and soil colloids
is negative. Therefore, ammonium ions were easily absorbed by soil during migration, and
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nitrate ions were easier to move [48–50]. As a result, the flow-weighted mean NH4
+-N

concentration of the subsurface runoff was lower than that of the surface runoff, while
NO3

−-N was higher (Tables A1 and A2). The proportion of the NH4
+-N yield through the

total runoff to NH4
+-N stored in the snow was much lower than that of NO3

−-N and water
(Figures 4 and 7). Additionally, the NH4

+-N content in the snow and soil was lower than
that of NO3

−-N (Table 3). So, the flow-weighted mean concentration and yield of NH4
+-N

were quite low compared to NO3
−-N (Tables A1 and A2).
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5. Conclusions

This research found that SWE was the most important factor affecting water and
nitrogen production through the surface and total runoff of sloping farmlands during
the snowmelt process, followed by the slope. The water and nitrogen yielded through
the subsurface runoff were negatively affected by the SWC and SWC_SB. A higher snow
depth delayed the occurrence of the snowmelt and enhanced the yields of water and
nitrogen. The generation of nitrogen was advanced compared with that of water induced
by the preferential production of nitrogen during the snowmelt process. A higher slope
promoted the preferential production of nitrogen. This preferential yield function of nitrogen
combined with more infiltration resulted in a greatly decreased yield of water and nitrogen
in the GS_LS treatments. The flow-weighted mean concentrations and yields of NH4

+-N
were lower compared with that of NO3—N during the snowmelt process. In summary, the
factors controlling water and nitrogen losses from the sloping farmland were similar during
the snowmelt period, and the differences in the concentrations and yields of NH4

+-N and
NO3

−-N were induced by their migration characteristics and content in the snow and soil. To
improve these results, studies with more gradients of slope and SWE are needed.
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Appendix A

Table A1. Ammonium nitrogen (NH4
+-N) yield, contribution, and flow weighted mean concentration

of different treatments and different dates during the snowmelt process (GS—gentle slope; SS—steep
slope; HS—high snow; LS—low snow; HSW—high soil water; LSW—low soil water).

Parameter Treatments

NH4
+-N

Flow Weighted Mean NH4
+-N Concentration (mg/L)

Yield (mg)
R (%)

Mar. 19 Mar. 20 Mar. 21 Mar. 22 Total Mar. 19 Mar. 20 Mar. 21 Mar. 22

Snowmelt
SS_Snowmelt 54.8 ± 11.8 100 0 0 0 1.9 ± 0.4 1.9 ± 0.4 - - -
GS_Snowmelt 50.0 ± 13.0 62 38 0 0 1.7 ± 0.2 2.3 ± 0.2 1.1 ± 0.2 - -

Surface
runoff

SS_HS_HSW 24.9 ± 1.9 41 51 8 0 0.8 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 1.1 ± 0.1 -
SS_LS_HSW 9.7 ± 3.7 82 18 0 0 1.0 ± 0.1 0.9 ± 0.0 1.9 ± 0.2 - -
SS_LS_LSW 9.3 ± 2.0 93 7 0 0 0.9 ± 0.1 0.9 ± 0.1 2.4 ± 0.3 - -

GS_HS_HSW 26.2 ± 11.5 17 41 42 0 0.7 ± 0.1 1.2 ± 0.1 0.8 ± 0.0 0.6 ± 0.1 -
GS_LS_HSW 2.3 ± 1.3 54 46 0 0 1.2 ± 0.2 1.0 ± 0.1 1.5 ± 0.3 - -
GS_LS_LSW 2.1 ± 1.4 91 9 0 0 1.0 ± 0.1 1.0 ± 0.0 2.7 ± 0.0 - -

Subsurface
flow

SS_HS_HSW 2.2 ± 2.1 0 79 18 3 0.6 ± 0.1 - 0.8 ± 0.1 0.3 ± 0.0 0.3 ± 0.0
SS_LS_HSW 0.0 ± 0.0 100 0 0 0 0.3 ± 0.0 0.3 ± 0.0 - - -
SS_LS_LSW 2.0 ± 1.4 100 0 0 0 1.0 ± 0.2 1.0. ± 0.2 - - -

GS_HS_HSW 0 - - - - - - - - -
GS_LS_HSW 0 - - - - - - - - -
GS_LS_LSW 0 - - - - - - - - -

Total
runoff

SS_HS_HSW 27.0 ± 3.5 38 53 9 0 0.8 ± 0.0. 0.8 ± 0.0 0.7 ± 0.0 1.4 ± 0.2 0.3 ± 0.0
SS_LS_HSW 9.7 ± 3.7 82 18 0 0 1.0 ± 0.1 0.9 ± 0.0 1.9 ± 0.2 - -
SS_LS_LSW 11.3 ± 2.9 94 6 0 0 0.9 ± 0.1 0.9 ± 0.1 2.4 ± 0.3 - -

GS_HS_HSW 26.2 ± 11.5 17 41 42 0 0.7 ± 0.1 1.2 ± 0.1 0.8 ± 0.0 0.6 ± 0.1
GS_LS_HSW 2.3 ± 1.3 54 46 0 0 1.2 ± 0.2 1.0 ± 0.1 1.5 ± 0.3 - -
GS_LS_LSW 2.1 ± 1.4 91 9 0 0 1.0 ± 0.1 1.0 ± 0.0 2.7 ± 0.0 - -

Table A2. Nitrate nitrogen (NO3
−-N) yield, contribution, and flow weighted mean concentration of

different treatments and different dates during the snowmelt process (GS—gentle slope; SS—steep
slope; HS—high snow; LS—low snow; HSW—high soil water; LSW—low soil water).

Parameter Treatments

NO3−-N
Flow Weighted Mean NO3−-N Concentration (mg/L)

Yield (mg)
R (%)

Mar. 19 Mar. 20 Mar. 21 Mar. 22 Total Mar. 19 Mar. 20 Mar. 21 Mar. 22

Snowmelt
SS_Snowmelt 88.4 ± 14.3 100 0 0 0 3.1 ± 0.4 3.1 ± 0.4 - - -
GS_Snowmelt 86.5 ± 23.5 80 20 0 0 2.9 ± 0.5 5.2 ± 0.4 1.0 ± 0.1 - -

Surface
runoff

SS_HS_HSW 45.5 ± 2.3 32 51 17 0 1.4 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 4.2 ± 0.5 -
SS_LS_HSW 24.2 ± 6.4 66 34 0 0 2.7 ± 0.7 1.8 ± 0.1 9.0 ± 0.5 - -
SS_LS_LSW 27.5 ± 8.8 95 5 0 0 2.6 ± 0.2 2.5 ± 0.2 5.3 ± 0.3 - -

GS_HS_HSW 59.1 ± 22.5 14 29 56 0 1.6 ± 0.1 2.4 ± 0.2 1.3 ± 0.2 1.8 ± 0.2 -
GS_LS_HSW 9.0 ± 7.4 28 72 0 0 4.8 ± 1.9 2.1 ± 0.1 8.0 ± 0.7 - -
GS_LS_LSW 5.5 ± 3.2 89 11 0 0 2.9 ± 0.8 2.6 ± 0.4 9.5 ± 0.0 - -

Subsurface
flow

SS_HS_HSW 27.6 ± 22.3 0 51 41 8 8.0 ± 0.2 - 7.2 ± 0.2 8.1 ± 0.2 11.6 ± 0.0
SS_LS_HSW 0.1 ± 0.1 100 0 0 0 4.1 ± 0.0 4.1 ± 0.0 - - -
SS_LS_LSW 10.2 ± 8.9 100 0 0 0 4.7 ± 0.2 4.7 ± 0.2 - - -

GS_HS_HSW 0 - - - - - - - - -
GS_LS_HSW 0 - - - - - - - - -
GS_LS_LSW 0 - - - - - - - - -

Total
runoff

SS_HS_HSW 73.2 ± 23.7 20 51 26 3 2.0 ± 0.4 1.1 ± 0.1 1.9 ± 0.4 12.3 ± 1.4 11.6 ± 0.0
SS_LS_HSW 24.3 ± 6.4 66 34 0 0 2.7 ± 0.7 1.8 ± 0.1 9.0 ± 0.5 - -
SS_LS_LSW 37.7 ± 15.4 98 2 0 0 2.9 ± 0.4 2.9 ± 0.4 5.3 ± 0.3 - -

GS_HS_HSW 59.1 ± 22.5 14 29 56 0 1.6 ± 0.1 2.4 ± 0.2 1.3 ± 0.2 1.8 ± 0.2 -
GS_LS_HSW 9.0 ± 7.4 28 72 0 0 4.8 ± 1.9 2.1 ± 0.1 8.0 ± 0.7 - -
GS_LS_LSW 5.5 ± 3.2 89 11 0 0 2.9 ± 0.8 2.6 ± 0.4 9.5 ± 0.0 - -
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