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Abstract: A two-year experiment was established in northern Xinjiang to investigate the effects of autumn plowing methods on 

nitrate nitrogen accumulation, spring-sown soil conditions and cotton emergence rate, and to explore the response relationship 

between soil water, heat and nitrate nitrogen.  The experiment included five autumn plowing treatments, namely, plough 

tillage (FG), no-tillage (MG), ridge and furrow alternation (LG), plough tillage with straw mulch (FJ) and plough tillage with 

activated charcoal mulch (FH).  The results showed that both FH and FJ treatments were beneficial to promote the 

nitrate-nitrogen accumulation in topsoil, while FG, MG and LG treatments aggravated the nitrate nitrogen leaching in topsoil.  

During the freezing period, FH and FJ treatments were beneficial to reduce soil heat loss and facilitate the coordinated upward 

migration of soil water and nitrate nitrogen.  In the thawing period, FH and FJ treatments favored suppressing the synergistic 

downward transport of soil water and nitrate-nitrogen and motivated the synergistic upward migration of heat and nitrate 

nitrogen in deep soil.  Binary regression analysis suggested that the interaction between water, heat and nitrate nitrogen under 

FH and FJ treatments showed a highly significant correlation.  FH and FJ treatments showed obvious advantages in regulating 

soil conditions and optimizing soil water, heat and nitrate nitrogen co-transport mechanism.  During the spring sowing period, 

the FH and FJ treatments increased the average soil temperature by 0.99°C and 1.29°C, and the average soil moisture content 

by 6.01% and 8.70%, and the average soil nitrate content by 10.20 mg/kg and 10.47 mg/kg, in the 0-25 cm soil layer, 

respectively.  FH and FJ treatments significantly grew the emergence rate of cotton, which can be used as the main autumn 

tillage strategies in arid areas of northern Xinjiang. 
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1  Introduction

 

Nitrate nitrogen is one of the main forms of inorganic nitrogen 

in soil, and it is most easily absorbed by crops[1].  Studies have 

shown that the freeze-thaw process can facilitate organic nitrogen 

mineralization to produce nitrate nitrogen, which is conducive to 

alleviating the problem of available nitrogen deficiency[2,3].  

However, other studies have also pointed out that the freeze-thaw 

process raises the risk of nitrate leaching, resulting in about 62% of 

nitrogen losses throughout the year[4,5].  Moreover, nitrate nitrogen 

is not easy to be retained by soil, and it is easy to loss with soil 

water or transform into N2O gas[6,7].  This result in the destruction 

of the groundwater and atmospheric environment.  Therefore, 

reducing nitrate nitrogen leaching in the seasonal freeze-thaw 

period is highly important not only for improving 
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agricultural production but also for protecting the environment. 

 Soil tillage is an essential soil management measure in 

agricultural production activities, and it influences nitrate nitrogen 

leaching by regulating soil mineralization and water movement[8].  

In addition, it changes the physical and chemical properties as well 

as the nitrogen cycle of the soil, which in turn affect nitrate 

nitrogen accumulation[9].  Plough tillage produces large surface 

areas and short diffusion paths in the soil, which then increases 

nitrate nitrogen leaching[10].  On the contrary, no-tillage has been 

reported to decrease the nitrate nitrogen leaching losses and 

erosion[11].  But other studies have shown that no-tillage 

aggravated soil nitrogen stratification and the uncertainty impact on 

the total agricultural environment[12,13].  So, how to steadily 

improve soil conditions by optimizing tillage methods has been 

widely concerned.  Many scholars have confirmed that ridge 

furrow, straw returning and mulching have beneficial effects on 

protecting soil water and fertilizer and increasing crop yield[14-16].  

In addition, straw mulching and activated carbon mulching can also 

effectively inhibit the leaching of nitrate nitrogen, which has 

positive significance for improving soil environment[17-19].  

However, other studies have shown that the effect of crop straw 

returning on agronomic traits is not significant or even leads to 

crop yield reduction[20].  Hence, the regulation mechanism of 

tillage methods on soil regime is not clear.  

At present, tillage as the main agronomic measures is widely 

used in crop growth period, but the application and research in 

seasonal freeze-thaw period is relatively less.  Autumn plowing, 
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as the main measure to protect soil fertility during seasonal 

freeze-thaw period, has obvious advantages in regulating nitrate 

nitrogen migration and maintaining soil status.  Furthermore, it is 

also a necessary way to regulate soil conditions to explore the 

response relationship between nitrate nitrogen migration and soil 

hydrothermal movement in seasonal freeze-thaw period[21,22].  

Thus, this study took the cotton field in northern Xinjiang as the 

research object and conducted in experimental plots during 

seasonal freeze-thaw period.  This study aimed to examine the 

impact of autumn plowing practices on nitrate nitrogen accumulation 

and leaching and to make clear for the interaction among soil water, 

heat and nitrate nitrogen in seasonal freeze-thaw period. 

2  Materials and methods 

2.1  Field empirical 

2.1.1  Experiment site 

A field experiment was conducted over 2 seasonal freeze-thaw 

period from 2019 to 2021 in the Key Laboratory of Modern 

Water-saving Irrigation (85°57′49"E, 44°19′28"N), Shihezi, 

Xinjiang, China (Figure 1).  The soil texture in this area is loam, 

with sand, silt and clay contents of 48.20%, 39.12% and 12.68%, 

respectively.  The average dry bulk density of 0-100 cm soil layer 

is 1.56 g/cm3, soil saturated water content is 28.8% and field water 

holding capacity is 21.6%.  This area is a typical seasonal frozen 

soil region.  The maximum frozen depth can reach 1.5 m.  The 

precipitation during the seasonal freeze-thaw period in this area is 

mainly snowfall, and the seasonal fluctuation of daily average 

temperature is obvious (Figure 2).  According to previous 

research[23], the seasonal freeze-thaw process can be divided into 

Pre-freezing period, stable freezing period and thawing period 

(Figure 3). 

 
Figure 1  The experimental station location 

 
Note: I is the first step of the experiment (Nov10, 2019 to May 8, 2020); II is the 

second step of the experiment (Oct 28, 2020 to Apr 10, 2021), the same as blow.   

Figure 2  Dynamics of daily average air temperature (T ) and 

snow depth (H) during the test period 

 
Note: (a) shows the experimental plot distribution under five autumn plowing methods (FG, MG, LG, FH, FJ), with three replicates; (b) is a diagram of the MG 

treatment, showing the system and its size, and indicating the thermometer burying points and random sampling points; (c) describes the sampling time from 

2019 to 2021; (d) is a diagram of the LG treatment, showing ridge and furrow arrangement and specifications; (e) provides the cultivation pattern of the 

drip-irrigated cotton used in this study during spring sowing period; The units in the figure are cm. 

Figure 3  Depiction of the filed experimental design 
 

2.1.2  Experimental design 

The experiment was established during the seasonal 

freeze-thaw period from 2019 to 2021 with five autumn plowing 

treatments, namely, plough tillage (FG), no-tillage (MG), ridge and 

furrow alternation (LG), plough tillage with straw mulch (FJ) and 

plough tillage with activated charcoal mulch (FH).  The operation 

procedures for the five autumn plowing treatments are listed in 

Table 1. 

The field was prepared in a randomized block design with 3 

replicates.  The plot (4 m2) was 2 m long and 2 m wide, and 
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separated from each other by a 0.4 m zone.  In order to prevent 

soil water leakage, PVC plates were embedded around the inner 

wall of each field.  Before spring sowing period, cotton was 

planted after rotary tillage and leveling on the test site.  The 

sowing date was 8 May 2020 and 10 April 2021.  The cotton 

variety is the main local variety in northern Xinjiang (Xinluzao 68).  

The planting pattern is drip irrigation under film.  The details are 

shown in Figure 3. 
 

Table 1 Operation procedure of the five autumn plowing 

treatments 

Treatments Operation procedure 

FG 
Shovel up, loosen and turn 0-28 cm soil layer into pit according to 

Xinjiang plough tillage standard. 

MG No soil disturbance. 

LG 

Taking the cotton planting pattern of drip irrigation in northern 

Xinjiang (one film, two pipes and four rows) as a reference, the 

position of the ditch was set at the cotton row, and the position of the 

ridge was at the wide row.  The furrow is 20 cm deep and 40 cm 

wide, and the ridge is 20 cm high and 60 cm wide.  

FJ 

According to the cotton stalk production in the test area, the straw 

mulch amount was determined as 2.5 kg/m
2
.  The required cotton 

stalk was cut into short rods with a length of 3-5 cm, and evenly laid 

on the test area with a coverage thickness of 15 cm. 

FH 

Activated carbon was the large pore and small granular carbon 

particles formed by water cooling after insufficient combustion of 

cotton stalk.  The amount of cotton stalk required for the preparation 

of activated carbon was consistent with that of straw cover.  After 

the preparation of activated carbon, it was evenly spread on the test 
area, and the coating thickness was 5 cm. 

 

2.2  Sampling and measurements 

2.2.1  Meteorological data 

Weather data from small automatic weather stations (Types: 

Spectrum Watchdog 2700; USA), and the observation period was 

2019-2021.  Before snowfall, a steel ruler with a measuring range 

of 1 m was buried on the flat ground of the test area.  The snow 

depth was recorded every 10 d from the snowfall day, and the snow 

melting stage was monitored intensively until the complete melting 

stopped. 

2.2.2  Soil Temperature, moisture and nitrate nitrogen content 

determination 

The soil temperature of each treatment was automatically 

monitored by embedding button-type temperature recorders (Types: 

iButton DS1922L; Precision: ±0.1°C; USA) in 10 cm, 25 cm,    

40 cm and 60 cm soil layers, and the recording interval was 1 h.  

The stratified soil samples of 10 cm, 25 cm, 40 cm and 60 cm were 

collected with a soil auger.  Each plot selected 2 points, and two 

soil samples in the same plot were mixed with the same soil, into 

the plastic ziplock bag, refrigerated spare.  In the sampling 

process, took a small amount of soil into the aluminum box at the 

same time, the samples were oven-dried at 105°C for 24 h to 

determine the gravimetric soil water content.  In the laboratory, 

the soil was sieved (2 mm) to extract impurities and then stored 

under cooled conditions (4°C).  The sieved field-moist soil 

samples were extracted with 2 mol/L KCl for 1 h at a 1:5 

soil-to-extract ratio, and the nitrate nitrogen concentration was 

determined by ultraviolet spectrophotometer (Types: UV1100; 

Germany). 

2.2.3  Data calculation 

The soil temperature gradient (Gt) was calculated using the 

following formula: 

1 2
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where, i is soil layer number; ΔTi is the soil temperature difference 

in soil layer i, °C; ΔZi is the depth difference in soil layer i, m. 

The soil moisture gradient (Gm) was computed using the 

following formula:  
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where, Δθi is the soil moisture content difference in soil layer i, %. 

The content of nitrate nitrogen (N) was counted using the 

following formula: 

m

V D
N

  
                    (3) 

where, ρ is the nitrate nitrogen concentration, mg/L; V is the 

volume of KCl leaching liquor, mL; D is dilution multiple; and m 

is soil quality, g. 

The cotton emergence rate (α) was calculated using the 

following formula: 

1
100%

n

n
                     (4) 

where, n1 is the number of cotton emergence; n is the total number 

of cotton seedlings. 

The effect of temperature and moisture gradient binary factors 

on nitrate nitrogen content can be fitted by binary quadratic 

regression equation: 
2 2

0z z ax by cx dy fxy     
     

    (5) 

where, z is the soil nitrate nitrogen content; x is the soil temperature 

gradient; y is the soil humidity gradient; z0, a, b, c, d, f are constant. 

2.3  Statistical analysis 

Statistical analysis was performed using IBM SPSS Version 

26.0 (IBM, USA).  All data presented are means of three 

replicates.  Differences between means were analysed by analysis 

of variance (ANOVA).  The least significant difference test was 

used to compare differences in means among treatments at the 0.05 

probability level.  

3  Results 

3.1  Effects of different autumn plowing treatments on soil 

nitrate nitrogen content at seasonal freeze-thaw period 

Figure 4 shows temporal-spatial variation of nitrate nitrogen in 

both seasonal freeze-thaw period.  The distribution of soil nitrate 

nitrogen content in different treatments was similar in the whole 

profile: the soil nitrate nitrogen content in the range of 0-60 cm 

showed a sine curve trend with time, and gradually stabilized with 

the increase of soil depth. 

Combined with Table 2, the average nitrification rates of 0-  

60 cm soil layer in MG, LG, FH and FJ increased by 0.02, 0.04, 

0.11, 0.10 mg/kg·d from 2019 to 2020 and improved by 0.05, 0.09, 

0.13, 0.16 mg/kg·d from 2020 to 2021, respectively, compared with 

those in FG.  This indicated that the effects of different treatments 

on promoting soil nitrate nitrogen accumulation of 0-60 cm soil 

layer was in a descending order of FJ, FH, LG, MG and FG.  The 

leaching loss rates of nitrate nitrogen in 0-60 cm soil layer under 

MG, FH and FJ reduced by 7.27%-7.54%, 17.62%-21.82% and 

21.29%-29.32% in both thawing period, respectively, compared 

with those under FG treatment.  However, LG enhanced nitrate 

nitrogen leaching loss compared to FG treatment.  Over the course 

of two seasonal freeze-thaw period, nitrate nitrogen accumulation 

of FJ and FH were significantly higher than those of LG, MG and 

FG.  This indicated that FJ and FH could significantly retain soil 

fertility in seasonal freeze-thaw period. 
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Note: Different lowercase letters indicate significant differences between different treatments at the same time (P<0.05), the same below. 

Figure 4  Temporal-spatial changes of soil nitrate nitrogen content under different treatments 
 

Table 2  Statistical characteristics of nitrate nitrogen content 

in 0-60 cm soil layer 

Year Treatments ANR/mg·kg
-1

·d
-1

 LLR/% NNI/mg·kg
-1

 

2019-2020 

FG 0.16 54.85 –9.09 

MG 0.18 47.68 –8.22 

LG 0.20 59.65 –10.89 

FH 0.27 37.23 6.80 

FJ 0.26 32.56 9.84 

2020-2021 

FG 0.12 55.24 –10.36 

MG 0.17 47.70 –8.49 

LG 0.21 58.39 –10.54 

FH 0.25 33.42 8.52 

FJ 0.28 25.92 10.60 

Note: NNR is the average nitrification rate during freezing period; LLR is the 

leaching loss rate during thawing period; NNI is the Nitrate nitrogen increment 

of the whole period. 
 

3.2  Effects of different autumn plowing treatments on the 

relationship between soil water, heat and nitrate nitrogen in 

seasonal freeze-thaw period 

3.2.1  Response relationship between soil nitrate nitrogen content 

and soil temperature 

The soil temperature gradient reflects the change of soil 

temperature in the unit vertical distance.  When the soil 

temperature gradient is positive, the heat transmits upward, and 

when the soil temperature gradient is negative, the heat transfers 

downward.  The soil heat of each treatment was dissipated upward 

in the freezing period, and the heat dissipation intensity was in a 

descending order of FG, MG, LG, FH, and FJ.  The duration of 

soil heat loss in MG, LG, FH and FJ was shortened by 1, 3, 5, 8 

days from 2019 to 2020, and abbreviated by 2, 5, 9, 14 days from 

2020 to 2021, respectively, compared with those in FG.  During 

the thawing period, the positive and negative alternation of soil 

temperature gradients occurred in FH and FJ.  This indicated that 

FH and FJ were conducive to promoting the conduction and 

accumulation of heat from deep soil to shallow soil.  However, 

FG, MG and LG promoted the continuous heat transfer to deep soil 

(Figure 5). 

 
Figure 5  Variation of soil temperature gradient in 0-60 cm soil 

layer under different autumn plowing treatments 
 

Figure 6 showed the response relationship between soil nitrate 

nitrogen content and soil temperature gradient in 0-60 cm soil layer.  

In the freeze period, there was no significant correlation between 

soil nitrate nitrogen content and soil temperature gradient in FG, 
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MG and LG (p>0.05), while there was significant negative 

correlation between soil nitrate nitrogen content and soil 

temperature gradient in FH and FJ (p<0.05).  FH and FJ weakened 

the soil heat loss intensity, which was more favorable to promoting 

the accumulation of nitrate nitrogen.  During the thawing period, 

there was a significant positive correlation between soil nitrate 

nitrogen content and soil temperature gradient in FG, MG and LG 

(p<0.05), which accelerated the migration of soil nitrate nitrogen to 

deep soil with heat.  However, When the soil temperature gradient 

was negative, the soil nitrate nitrogen content in FH and FJ was 

significantly negatively correlated with the soil temperature 

gradient (p<0.05).  On the contrary, when the soil temperature 

gradient was positive, the soil nitrate nitrogen content was 

significantly positively correlated with the soil temperature 

gradient (p<0.05).  Therefore, FH and FJ not only inhibited the 

downward movement of soil nitrate nitrogen and soil heat, but also 

promoted the upward movement of soil nitrate nitrogen and soil 

heat.  This indicated that FH and FJ had obvious advantages in 

improving soil temperature and nutrient conditions during seasonal 

freeze-thaw period. 

 
a. FG b. MG c. LG 

 
d. FH  e. FJ 

 

Note: y1 is the soil nitrate nitrogen content in freezing period; y2 is the soil nitrate nitrogen content in melting period; x is the soil temperature gradient. 

Figure 6  The response relationship between soil nitrate nitrogen content and soil temperature gradient 
 

3.2.2  Response relationship between soil nitrate nitrogen content 

and soil moisture 

The soil humidity gradient reflects the change of soil moisture 

migration in the unit vertical distance.  When the soil humidity 

gradient is positive, the soil water moves uphill, and when the soil 

humidity gradient is negative, the soil water moves decurrently.  

During the freezing period, the soil moisture of each treatment 

moves upward.  Compared with FG treatment, the soil moisture 

migration intensity of MG, LG, FH and FJ treatments enhanced by 

1.16, 1.57, 1.73, 2.07 times from 2019 to 2020, and elevated by 

2.06, 2.86, 4.81, 5.42 times from 2020 to 2021, respectively.  The 

soil humidity gradient of FG, MG and LG in thawing period 

showed the characteristics of negative to positive, while the soil 

humidity gradient of FH and FJ was minus, and the water 

migration intensity decreased significantly.  This showed that FJ 

and FH not only delayed the infiltration process of snowmelt water 

but also hindered the upward evaporation of soil moisture, which 

was more advantageous to the accumulation of soil moisture in the 

tillage layer (Figure 7). 

Figure 8 showed the response relationship between soil nitrate 

nitrogen content and soil humidity gradient in 0-60 cm soil layer.  

During freezing period, there was no significant correlation 

between soil nitrate nitrogen content and soil humidity gradient in 

FG and MG, while there was significant positive correlation 

between soil nitrate nitrogen content and soil humidity gradient in 

LG, FH and FJ (p<0.05).  This indicated that LG, FH and FJ were 

 
Figure 7  Variation of soil humidity gradient in 0-60 cm soil layer 

under different autumn plowing treatments 
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conducive to promoting the synergistic upward migration of soil 

moisture and nitrate nitrogen.  In thawing period, there was a 

significant quadratic function relationship between soil nitrate 

nitrogen content and soil moisture gradient in FG, MG and LG 

(p<0.05), while there was a significant positive correlation between 

soil nitrate nitrogen content and soil moisture gradient in FH and FJ 

(p<0.05).  Overall, FJ and FH showed obvious advantages in 

water storage and fertilizer fixation, which was more conducive to 

improving soil moisture in spring sowing. 

3.2.3  Interaction relationship of soil water, heat and nitrate 

nitrogen 

Binary regression analysis was carried out with soil 

temperature gradient and soil humidity gradient as independent 

variables and soil nitrate nitrogen content as dependent variable 

(Table 3).  It was found that the interaction between soil 

temperature gradient and humidity gradient in the freezing period 

and the thawing period of each treatment could explain 84%-93% 

and 87%-96% of the variation of soil nitrate nitrogen content, 

respectively.  The dual effect of soil temperature gradient and soil 

humidity gradient were significantly stronger than that of single 

factor, indicating that soil moisture and soil temperature movement 

had a certain interaction effect on the change of soil nitrate nitrogen 

content.  The R2 values of the binary regression equation of each 

treatment in the thawing period were greater than in the freezing 

period, which manifested that the intensity of soil water, heat and 

nitrate nitrogen cooperative migration in thawing period was 

stronger than that in freezing period.  The R2 values of the binary 

regression equation of different treatments appeared a descending 

order as FJ, FH, LG, MG and FG throughout the whole experiment.  

FJ and FH significantly strengthened the response degree between 

soil nitrate nitrogen content, soil temperature gradient and soil 

humidity gradient (p<0.01).  As a whole, FJ and FH had obvious 

advantages in controlling water, heat and nitrate nitrogen 

coordinated migration. 

 
a. FG b. MG c. LG 

 
d. FH  e. FJ 

 

Note: y1 is the soil nitrate nitrogen content in freezing period; y2 is the soil nitrate nitrogen content in melting period; x is the soil humidity gradient. 

Figure 8  The response relationship between soil nitrate nitrogen content and soil temperature gradient 
 

Table 3  Binary regression analysis of soil nitrate nitrogen 

content, soil temperature gradient and soil humidity gradient 

under different treatments 

Treatment Binary regression equation R
2
 Significance 

FG 
z1=106.16+10.74x+17.89y+0.47x

2
+2.85y

2
–1.56xy 0.84 P<0.05 

z2=44.14+2.80x–2.20y+0.15x
2
–0.07y

2
–0.22xy 0.87 p<0.05 

MG 
z1=138.82–13.42x–12.65y+0.39x

2
+0.68y

2
+0.86xy 0.88 p<0.01 

z2=55.81+5.69x–2.81y+0.31x
2
–0.06y

2
–0.40xy 0.94 p<0.05 

LG 
z1=74.91–7.43x+5.18y+0.27x

2
+0.62y

2
+0.55xy 0.88 p<0.01 

z2=54.66+3.89x–2.32y–0.45x
2
–0.13y

2
+0.22xy 0.91 p<0.05 

FH 
z1=109.08-12.57x–3.42y+0.38x

2
–0.31y

2
+0.79xy 0.92 p<0.01 

z2=65.97+20.41x–2.03y+6.90x
2
+0.27y

2
–2.91xy 0.93 p<0.01 

FJ 
z1=92.65–10.81x–2.98y+0.29x

2
+0.29y

2
+0.80xy 0.93 p<0.01 

z2=48.20–2.86x–3.03y+3.88x
2
–0.05y

2
–1.02xy 0.96 p<0.01 

Note: z1 is the soil nitrate nitrogen content in freezing period; z2 is the soil nitrate 

nitrogen content in thawing period; x is the soil temperature gradient; y is the soil 

humidity gradient. 

3.3  Effects of different autumn plowing treatments on soil 

moisture status and cotton emergence rate during spring 

sowing period 

Seasonal freeze-thaw period is a critical stage for the transition 

of farmland from fallow period to spring sowing period, and the 

change of soil water, heat and fertilizer conditions in 0-25 cm soil 

layer during this period plays a key role in crop emergence.  

Compared with FG, the fluctuation amplitude of soil temperature in 

MG, LG, FH and FJ all decreased (Figure 9).  Compared with FG, 

the average soil temperatures in 0-25 cm soil layer of MG, LG, FH 

and FJ aggrandized by 0.37°C, 0.52°C, 1.04°C, 1.32°C from 2019 

to 2020, and increased by 0.27°C, 0.56°C, 0.94°C, 1.26°C from 

2020 to 2021, respectively.  The soil water content in 0-25 cm soil 

layer of LG, FH and FJ all enhanced obviously throughout the two 

experimental stages.  The soil moisture increments of LG, FH and 

FJ were 1.17%, 3.23%, 4.88% from 2019 to 2020, and were 1.90%, 
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8.79%, 12.51%, from 2020 to 2021, respectively.  However, both 

FG and MG aggravated the loss of soil moisture in the 0-25 cm soil 

layer.  In different autumn plowing methods, FH and FJ 

significantly promoted the accumulation of nitrate nitrogen in 0-  

25 cm soil layer, while FG, MG and LG aggravated the leaching of 

nitrate nitrogen in 0-25 cm soil layer (Figure 4).  In 2019-2020, 

the content of nitrate nitrogen in 0-25 cm soil layer of FH and FJ 

augmented by 8.68 and 13.18 mg/kg, and lifted by 11.71 and   

7.76 mg/kg in 2020-2021, respectively.  The cotton emergence 

rates of each treatment during spring sowing period manifested as a 

descending order of FJ, FH, LG, MG and FG in both experimental 

stages (Table 4).  In general, FH and FJ had significant 

advantages in improving soil moisture status and promoting cotton 

emergence during spring sowing period. 

 
Note: θFG, θMG, θLG, θFH, θFJ are soil water content of FG, MG, LG, FH, FJ respectively.  TFG, TMG, TLG, TFH, TFJ are the daily average soil temperature of FG, 

MG, LG, FH, FJ respectively. 

Figure 9  Temporal-spatial variation characteristics of soil temperature and soil water content in 0-25 cm soil layer under different autumn 

plowing treatments 
 

Table 4  Cotton seedling emergence rate under different 

autumn plowing treatments 

Years Treatments Cotton seedling emergence rate/% 

2019-2020 

FG 86.84±0.98a 

MG 89.02±0.59ab 

LG 91.02±0.42b 

FH 96.25±1.92c 

FJ 96.29±2.58c 

2020-2021 

FG 88.61±1.08a 

MG 90.36±1.64a 

LG 92.86±1.13b 

FH 96.51±0.70c 

FJ 97.56±0.62c 

4  Discussion 

4.1  Effect of autumn plowing on nitrate nitrogen leaching and 

accumulation in seasonal freeze-thaw period 

Different autumn plowing treatments have different regulatory 

effects on soil nitrate nitrogen content in plough layer.  In the 

present papers, FJ and FH had the best effect on promoting the 

accumulation of nitrate nitrogen in the topsoil during the freezing 

period.  This was due to the warm-keeping function of the surface 

cover will delay the freezing process of the soil, so that the deep 

soil nitrate nitrogen had sufficient time to migrate upward with soil 

water.  FG would increase soil porosity[24] and then accelerates the 

infiltration of snowmelt water.  LG has strong water storage 

capacity[25,26] and then expedites the infiltration of snowmelt water.  

Therefore, this study found that FG and LG increased the leaching 

loss of nitrate nitrogen, while FH and FJ significantly reduced the 

leaching loss of nitrate nitrogen.  The reason was that the surface 

mulching hindered the process of soil nitrate leaching down with 

the infiltration of snowmelt water.  At the same time, activated 

carbon can adsorb nitrate nitrogen in soil[27,28] and straw 

decomposition can input nutrients to the soil[29,30] which further 

improved the content of nitrate nitrogen in topsoil.  Traversed the 

whole seasonal freeze-thaw period, the variation of soil nitrate 

nitrogen in FG, MG and LG showed leaching > accumulation, and 

the variation of soil nitrate nitrogen in FH and FJ presented as 

accumulation > leaching, which was consistent with the results of 

previous studies[31-33].  The feasibility of regulating soil fertility by 

changing autumn plowing methods was further proved.  Hu et 

al.[34] found that no-tillage significantly reduced the risk of soil 

nitrate nitrogen leaching.  However, in our study, soil nitrate 

nitrogen in 0-60 cm soil layer under MG still had serious leaching 

loss.  This was due to the soil conditions in different regions were 

different, which severely affected the migration of soil water.  

Moreover, our study had found that soil mulching significantly 

reduced the leaching process of soil nitrate nitrogen to deep soil 

compared with the non-mulching treatment, and the water and 

fertilizer status of tillage soil layer significantly improved, which 

was inconsistent with the results of Yin et al.[35].  This was due to 

the few amount of rainfall during our experiment and the external 
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supply of soil water was only snow melting water, which severely 

affected the infiltration process of soil water under the surface 

coating. 

4.2  The regulation mechanism of autumn plowing on the 

synergistic relationship between soil water, heat and nitrate 

nitrogen in seasonal freeze-thaw period 

Nitrate nitrogen is homogeneous with soil colloid and easy to 

leach with soil water[36].  Therefore, the leaching and 

accumulation of nitrate nitrogen in soil is closely related to soil 

water movement.  Zhao et al.[37] found that the content of nitrate 

nitrogen in soil was positively correlated with soil water.  

However, our study found that soil nitrate nitrogen and soil 

humidity gradient in FG, MG and LG showed significant quadratic 

function relationship during thawing period (p<0.05).  This 

proposed that FG, MG, and LG changed the soil water diffusion 

path, causing leaching of soil nitrate nitrogen.  In addition, our 

study found that soil nitrate nitrogen had a significantly positive 

correlation with soil moisture gradient in FH and FJ (p<0.05).  FH 

and FJ significantly improved the status of soil water and nutrients 

during the whole seasonal freeze-thaw period.  This was attributed 

to the ground cover prevented the leaching of nitrate nitrogen to 

deep soil, and inhibited the invalid evaporation of soil water.  

Therefore, FH and FJ significantly promoted the migration of soil 

moisture and nitrate nitrogen from deep soil to topsoil.  This was 

consistent with the results of Hou et al.[38]  

Soil temperature is also an important factor affecting the 

migration of nitrate nitrogen.  The rise of soil temperature would 

improve the activity of microorganisms, promote the mineralization 

and nitrification of organic nitrogen, so as to change the content of 

nitrate nitrogen in soil[39,40].  Soil temperature gradient is the 

driving force of soil water migration, and soil water is the carrier of 

nitrate nitrogen migration[41].  Therefore, soil temperature can also 

affect the transportation of nitrate nitrogen while changing soil 

water migration.  In our study, we focused on the response 

relationship between soil nitrate nitrogen and soil temperature 

gradient under five autumn plowing treatments.  The results 

showed that there was a significant negative correlation between 

soil nitrate nitrogen content and soil temperature gradient in FH 

and FJ during freezing period (p<0.05), and a significant quadratic 

function relationship during thawing period (p<0.05).  FH and FJ 

had obvious advantages in promoting the synergistic migration of 

soil nitrate nitrogen and soil temperature, and improving the heat 

and nutrient conditions of spring sowing soil, which was consistent 

with the existing research results[42,43]. 

The change of soil nitrate nitrogen content is not only related 

to the single factor of soil temperature and water, but also closely 

related to the synergistic movement of water and heat.  There 

were significant interactions among soil water, heat and nitrate 

nitrogen under different autumn plowing methods.  The 

interaction among water, heat and nitrate nitrogen in FH and FJ 

was the most significant, and the ability of warming, water storage 

and fertilizer fixation was the strongest.  Overall, FH and FJ can 

improve soil moisture status during seasonal freeze-thaw period by 

optimizing the synergistic relationship between soil water, heat and 

nitrate nitrogen, which has practical guiding significance for 

agricultural production in northern Xinjiang. 

4.3  The regulation mechanism of autumn plowing on soil 

water and heat status and nitrate nitrogen content in spring 

sowing soil 

The changes of soil water and heat status and nitrate nitrogen 

content during seasonal freeze-thaw period have significant 

impacts on soil moisture, crop seed germination and early crop 

growth in spring sowing next year[44].  Studies showed that 

different tillage treatments can change soil surface conditions and 

heat flow, thereby affecting soil moisture migration and nutrient 

content[45,46].  FG and MG were not conducive to the maintenance 

of soil water and heat resources, and reduced the content of soil 

organic matter and nitrogen in the tillage layer[47,48].  This was 

consistent with the results of our experiments.  Therefore, in order 

to improve the soil conditions during the spring sowing period, it 

was necessary to change the traditional autumn plowing method in 

northern Xinjiang.  Other studies proposed that LG can enhance 

the ability of soil water storage and fertilizer capacity[49,50].  This 

may be due to the different specifications of ridge and furrow, or 

the low soil microbial activity in the seasonal freeze-thaw period, 

which was not availed to the accumulation of soil nitrate nitrogen.  

In addition, our experimental results showed that the soil moisture 

of FH and FJ was the best during spring sowing, and the emergence 

of spring sowing crops was the best, too.  This was because the 

ground cover provided good water and heat conditions, and the 

tillage treatment improved soil permeability, which are beneficial 

to promote the decomposition of soil organic matter and the 

accumulation of soil nutrients[51,52]. 

5  Conclusions 

Based on data collected over two seasonal freeze-thaw period 

in the field, we found that FG and MG had the worst effect on 

regulating the conditions of soil water, heat and nitrate nitrogen 

during seasonal freeze-thaw period.  LG was conducive to 

improving soil water and heat conditions, but was not in favor of 

the accumulation of soil nitrate nitrogen.  FH and FJ had the best 

effect in all aspects.  FH and FJ on the one hand inhibit the 

downward migration of soil water, heat and nitrate nitrogen, on the 

other hand, FH and FJ can promote the migration of soil water, heat 

and nitrate nitrogen from the deep soil layer to the plough layer.  

Moreover, FH and FJ significantly heightened the reciprocity 

among soil nitrate nitrogen content, temperature gradient and 

humidity gradient (p<0.01), and optimized the synergistic 

migration mechanism of soil water, heat and nitrate nitrogen, which 

was more helpful in maintaining soil water and heat resources and 

retaining soil nutrients.  FH and FJ lessened the loss of soil 

moisture, heat and nitrate nitrogen during seasonal freeze-thaw 

period.  In addition, FH and FJ significantly boosted the soil 

temperature, water content and nitrate nitrogen content in 0-25 cm 

soil layer during spring sowing period, and promoted the rate of 

cotton emergence.  Considering the superiority of FH and FJ in 

regulating soil water, heat and nitrate nitrogen, it was suggested to 

popularize this in the arid area of northern Xinjiang. 
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