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Abstract: Optimization of water and fertilizer coupling management approaches could not only increase apple yield and quality, 

but also reduce the potential negative impacts of such management activities on the environment.  The aim of the present study 

was to determine the optimal water-nitrogen (WN) coupling management strategy in an apple orchard in the Weibei Dryland, 

Shaanxi Province, China, under limited irrigation.  A randomized complete block design was adopted to test the effects of 

three drip irrigation levels (W1, 300 m3/hm2; W2, 600 m3/hm2; W3, 900 m3/hm2) and four N application levels (N0, 0 kg/hm2; 

N1, 200 kg/hm2; N2, 400 kg/hm2; and N3, 600 kg/hm2) on N distribution in the 0-100 cm soil profile.  Apple yield and 

economic benefits under different treatments were also evaluated over a three-year period (2012-2014).  Compared with the 

N0W1 treatment, soil N contents were higher and exhibited distinct trends in the soil profile under other treatments.  Overall, 

total N contents exhibited a downward trend from the surface to the subsurface layers (0.11-2.34 g/kg); however, the total N 

contents of the lower soil layer increased with an increase in irrigation amount.  NO3-N contents were the lowest in the 40-  

60 cm soil layer and then increased with an increase in soil depth.  The highest NO3-N contents of different soil layers were 

observed under the N3W3 treatment, ranging from 124.7 mg/kg (0-20 cm) to 90.9 mg/kg (80-100 cm).  NH4
+-N contents were 

low (<10 mg/kg), mainly accumulating in the surface layer and decreasing toward the deeper layers>20 cm.  Different water-N 

coupling treatments also increased apple yield by 7.30%-41.62% when compared with the N0W1 treatment.  The highest 

apple yield (three-year mean: 41.01 t/hm2) was observed under the N2W2 treatment, with an output value of 237 900 RMB 

yuan/hm2 and a net income of 232 000 RMB yuan/hm2.  Considering fruit yield, partial productivity of N fertilizer, and 

economic and environmental benefits, the N2W2 treatment is the optimal water-N fertilizer coupling drip irrigation scheme for 

apple production in the study area and other similar dryland areas. 
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1  Introduction

 

In recent decades, nitrogen (N) fertilizer-use efficiency has 

been decreasing globally.  In China, N recovery by crops 

decreased from 57% in 1979 to 43% in 1998, along with a two-fold 

increase in total N (TN) loss[1,2].  The continuous decline in N-use 

efficiency (NUE) is a major issue for all cereal and vegetable crops, 

as well as some tree crops.  According to the 2007 National 

Survey of Pollution Sources in China, the total N loss from 

cropland was about 1 600 000 t, with 320 000 t attributed to surface 

runoff and more than 200 000 t caused by underground leaching; in 

comparison, the total phosphorus (TP) loss was much less, at about 

108 000 t[3].  Field observations have been carried out to estimate 
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the use of the major N fertilizers (urea, ammonium bicarbonate, 

and ammonium sulfate) in the production of major cereal crops 

(rice, wheat, and maize) in the major food-producing provinces in 

China.  The total fertilizer N loss from crops to the environment in 

the 1990s was about 19.1%.  Specifically, 5% of the fertilizer N 

entered the surface water by runoff, with 2% passed down to the 

groundwater by leaching, 1.1% released into the atmosphere 

through denitrification (N2O), and 11% released through ammonia 

(NH3) volatilization[4].  In addition, a eutrophication study in 

Dianchi Lake (Yunnan Province, China) reported that the total N 

(TN) generated by non-point source pollution comprised 44.5% of 

the total pollution load, while the TP comprised only 26.7% of the 

total pollution load[5]. 

To address the critical issue of non-point source pollution in 

agriculture, it is essential to implement soil management strategies 

that would reduce non-point source pollutant loads.  Therefore, 

agricultural practices are increasingly being re-evaluated in China 

to prevent non-point source agricultural pollution, ameliorate the 

potential negative impacts, and protect the environment[2].  Such 

agricultural practices include soil testing and fertilizer 

recommendation, application of slow and controlled-release 

fertilizer, conservation tillage (e.g., no-till or minimum tillage), 

crop rotation, straw retention in the field, and combined organic 

and inorganic fertilizer application.  In the account of irrational 

fertilization leads to nitrate N (NO3-N) leaching, which is one of 
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the major pathways of N loss in agricultural systems, including 

orchards.  The leaching process not only reduces N-use efficiency 

but also causes NO3-N accumulation in deep soil layers and 

groundwater pollution.  In contrast, the vertical distribution of 

ammonium N (NH4
+-N) decreases from the surface to the 

subsurface along the soil profile, indicating that NH4
+-N migrates 

less than other N forms downward under the influence of soil 

adsorption[6,7].  Monitoring the distributions of different N forms 

in orchard soil profiles under fertilization could provide 

information that could facilitate sustainable fertilizer management. 

Recently, concerns have emerged over water accessibility and 

N pollution, as well as the influence of agricultural practices on the 

environment, such as NO3-N leaching due to irrational N fertilizer 

use[10-14].  Under efficient irrigation, improved water and N uptake 

by crops can minimize nutrient leaching[10].  In addition to 

reducing environmental pollution risk, proper application of 

irrigation water and N fertilizer have dual roles of increasing water 

and N productivity[15].  Therefore, the development of optimal 

water-N coupling management strategies that maximize N and 

water-use efficiencies is critical for environmental sustainability 

and agricultural productivity in humid regions[16]. 

Several studies have assessed the effects of N application on 

crop yield and soil nutrient balance[17-20].  Furthermore, 

supplemental irrigation coupled with N application considerably 

influences the final quality and characteristics of harvested cereals, 

in addition to influencing both post-harvest[19,20] and successive 

transformation processes[21-23].  However, little attention has been 

paid to N distribution and crop yield in arid regions under water-N 

coupling fertilization.  Moreover, irrigation water availability is 

decreasing with increases in costs of operations and regulation of N 

usage.  Therefore, there is a need to better understand how 

irrigation amounts interact with the N application rate in 

agricultural systems. 

Weibei Dryland is the main apple-producing area in Shaanxi 

Province, China.  In the rainfed region, excessive fertilization is a 

major source of concern[8].  In addition, the ecological 

environment is relatively fragile, with low and uneven precipitation, 

and poor soil moisture.  All the factors above influence fruit yield 

and the economic benefits derived from apples as cash crops.  In 

the rainfed agricultural area, the water supply for dryland crops is 

largely reliant on atmospheric precipitation.  Drip irrigation 

(water-N coupling) is an effective method of increasing apple 

productivity and improving fruit quality for local fruit farmers.  

Drip irrigation can provide a favorable environment for crop 

growth and effectively improve water and nutrient-use 

efficiencies[9]. 

Therefore, in the present study, we hypothesized that 

supplemental drip irrigation coupled with N application would 

enhance N availability and apple yield, while minimizing N loss by 

leaching.  The aim of the present study is to evaluate how 

different levels of drip irrigation (300-900 m3/hm2) and N 

application (0-600 kg/hm2) influence soil N (TN, NO3
–-N, and 

NH4
+-N) and apple yield in an orchard in Weibei Dryland.  The 

results of the study could provide reference data for fertilizer 

management in apple orchards and facilitate sustainable 

development of the fruit production industry. 

2  Materials and methods 

2.1  Site description 

Experiments were conducted for three consecutive years 

(2012-2014) in an apple orchard (109°55ʹ18ʹʹE, 35°14ʹ10ʹʹN) in 

Hanjing Town, Shaanxi Province, China.  The local altitude is 850 

m and the mean annual temperature is 10.5℃, with abundant light 

and large temperature differences between day and night.  The 

mean annual precipitation is 519.9 mm, and the maximum 

evaporation is 1005.8 mm.  The orchard area was 0.3 hm2, mainly 

planted with dwarf Red Fuji (Malus micromalus Makino).  The 

trees were eight years old and the row spacing was 3.0 m×2.5 m.  

The orchard soil was loess soil, and its basic physical and chemical 

properties before the experiment were summarized in Table 1. 
 

Table 1  Basic properties of the apple orchard soil 

Soil depth 

/cm 

Total N 

/g·kg−1 

Available N 

/mg·kg−1 

Ammonium N 

/mg·kg−1 

Nitrate N 

/mg·kg−1 

Available P 

/mg·kg−1 

Available K 

/mg·kg−1 

Organic matter 

/ g·kg−1 

0-20 1.35 77.02 7.87 69.15 15.56 119.34 13.61 

20-40 1.27 53.69 3.87 49.82 12.88 103.89 9.18 

40-60 0.99 25.60 5.12 20.48 6.44 62.71 7.33 

60-80 0.56 25.02 5.68 19.31 6.44 67.86 5.40 

80-100 0.52 23.77 8.11 15.66 9.66 67.86 6.14 
 

2.2  Experimental treatments 

Apple trees with consistent growth and no evident pests or 

diseases were selected for the experiment.  A total of 12 

treatments were set up and each treatment had three replicates, with 

six trees per treatment.  The treatments were arranged randomly.  

Three irrigation levels and four N levels were applied in the apple 

orchard (Table 2). 

Urea (containing N: 46.7%) was applied as a basal dressing 

(30%) and three top dressings (70%, in the germination, fruiting, 

and fruit-bearing stages).  For each application, the N fertilizer 

was dissolved in water and then dripped slowly into the soil around 

the root canopy.  The drip holes were distributed within 0.5 m of 

the drip line on both sides of the canopy.  In addition, triple 

superphosphate (containing P2O5: 46.1%) and potassium chloride 

(containing K2O: 52.3%) were applied as basal fertilizers once 

quarterly along with N, at rates of 225 and 250 kg/hm2, 

respectively.  The other management practices were in accordance 

with the conventions of local farmers. 

 

Table 2  Fertilizer application and drip irrigation levels of 

different treatments 

Treatment 
Nitrogen 

/kg·hm
−2

 

Irrigation water 

/m
3
·hm

−2
 

P2O5 

/kg·hm
−2

 

K2O 

/kg·hm
−2

 

N0W1 

0 

300 

225 250 

N0W2 600 

N0W3 900 

N1W1 

200 

300 

N1W2 600 

N1W3 900 

N2W1 

400 

300 

N2W2 600 

N2W3 900 

N3W1 

600 

300 

N3W2 600 

N3W3 900 
 

2.3  Sample analyses 

Stratified soil sampling was conducted in the root zones of  
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apple trees twice, namely, before the experiment (control) and 

post-harvest, after three consecutive years of experimentation.  

The sampling depth was 100 cm, and soil samples were collected at 

20 cm intervals.  After transportation to the laboratory, soil TN 

was determined using the semi-micro Kjeldahl method with a 

semi-automatic azotometer (Skalar San++, Netherlands).  Soil 

NO3
–-N and NH4

+-N were extracted with a 0.01 mol/L CaCl2 

solution and determined using a continuous flow injection analyzer 

(San++; Skalar, Netherlands). 

Both soil available P and potassium (K) were leached with a 

mixture of 0.25 mol/L NaHCO3 + 0.01 mol/L EDTA + 0.01 mol/L 

NH4F.  The P concentration in the extract was measured using the 

molybdenum blue colorimetric method, and the K concentration 

was analyzed by flame atomic absorption spectrometry.  Soil 

organic matter was determined by potassium 

dichromate-concentrated sulfuric acid oxidation (external heating 

method) combined with ferrous sulfate titration[24]. 

The volumetric water contents of soil samples were measured 

by stratified sampling in April, May, June, August, September, and 

mid-October in the third year of the experiment.  Water content 

measurements were carried out before and after oven-drying the 

samples at 105°C.  By measuring the moisture content in the soil, 

the quality of dry soil, soil water volume, and soil total volume to 

obtain the mass water content and volume water content, the 

relationship between them could be found: Mass water content of 

soil = Volumetric water contents of soil × Soil bulk density. 

2.4  Statistical analysis 

All the sample data were analyzed by a multi-way Analysis of 

Variance using a PROC GLM model of SAS (SAS Institute Inc., 

Cary, NC, USA) based on four sources of variation, namely: year 

(Y), irrigation (I), N (N), and depth (D).  Significant differences in 

means of Y, I, N, and D were analyzed using the least significance 

difference test. 

3  Results 

3.1  Variation in volumetric water content in orchard soil 

profile 

The volumetric water contents of each soil layer under 

different water-N coupling conditions were monitored continuously 

over the apple tree growth cycle from germination to fruit harvest.  

In the 0-100 cm soil profile, the overall soil water content trend 

revealed lower contents in the germination stage (May) than in the 

fruit enlargement stage (August-early September; Figure 1), and 

the minimum content of 5.644% in surface 0-20 cm (N3W1).  

Under different treatments, the soil water contents in the 0-20 cm 

layer were higher than those in the 20-100 cm soil layers and 

ranged from 8.53% to 20.8% throughout the apple growth cycle.  

The soil water contents of all treatments were especially higher in 

September than those of other stages.  The soil water contents in 

the 0-20 cm surface layer basically represent the water 

characteristics of the orchard. 

Due to four irrigation events, the lower soil layers maintained a 

water content in the 10%-18% range (Figure 1).  Still, there were 

certain differences in soil water content among the irrigation 

treatments.  For example, the values of the N0W3, N1W3, N2W3, 

and N3W3 treatments were slightly, but not significantly, higher 

than those of the other treatments throughout the apple growth 

cycle.  However, there were no remarkable differences among the 

treatments from August to September.  The 20-40 cm soil water 

content varied from 9.75% to 18.67% (Figure 1).  This range of 

variation was slightly lower than that of the surface layer and even 

narrowed in the 40-100 cm soil layers. 

 
a. 0-20 cm b. 20-40 cm c. 40-60 cm 

 
d. 60-80 cm e. 80-100 cm  

 

Figure 1  Continuous monitoring results of volumetric water content in the 0-100 cm orchard soil profile under different treatments  

(Treatment abbreviations are defined in Table 2) 
 

3.2  Distribution of total nitrogen content in orchard soil profile 

The TN contents in the 0-100 cm soil profile varied 

significantly under different levels of N application and drip 

irrigation (Figure 2).  Under the no-N and irrigation-only 

treatments, the soil TN contents were lower than those under the 

other N-irrigation coupling treatments.  Under no N application 

(N0W1, N0W2, and N0W3), the soil TN contents in the surface 

layers (0-40 cm) decreased from 1.35 g/kg before experiments to 
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<1.0 g/kg after treatments.  The TN contents exhibited a 

decreasing trend with an increase in soil depth. 

With an increase in the level of N applied, the TN contents of 

the soil profile changed dynamically.  There was no significant 

difference in TN content in surface soil following the N1 treatment.  

However, due to the high-level irrigation in the N1W3 treatment, 

the TN content in the 20-80 cm soil layer in the N1W3 treatment 

was higher than those in the N1W1 and N1W2 treatments, and the 

maximum content was 2.34% at about 30 cm.  After N2 

application, soil TN content changed with an increase in soil depth, 

and was in the 1.0-20 g/kg range.  Following N3 application, the 

TN content of surface soil ranged between 1.5 and 2.5 g/kg.  In 

addition, the TN contents in the soil profile varied with an increase 

in irrigation.  In the N3W2 and N3W3 treatments, higher TN 

content was observed in the 40-60 cm soil layer than in the same 

soil layer in other treatments, and the TN content in the 80-100 cm 

soil layer was greater than 1.2 g/kg, whereas that in the same soil 

layer of N3W3 treatment was 1.31 g/kg. 

 

 
 

Figure 2  Distribution of total nitrogen (TN) content in the 0-100 cm orchard soil profile under different treatments 

 (Treatment abbreviations are defined in Table 2) 
 

3.3  Distribution of available nitrogen content in orchard soil 

profile 

NO3
–-N contents also varied markedly in the 0-100 cm soil 

profile under different fertilization treatments (Figure 3).  Under 

no N application (N0W1, N0W2, and N0W3), NO3
–-N content did 

not change considerably, and was maintained at 40-65 mg/kg in the 

0-20 cm soil layer.  Furthermore, irrigation amount had minimal 

effect on NO3
–-N content.  Generally, the NO3

–-N contents 

decreased with an increase in soil depth. 

 
Figure 3  Distribution of nitrate nitrogen (NO3

–-N) content in the 0-100 cm soil profile under different treatments  

(Treatment abbreviations are defined in Table 2) 
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Under low N (N1) treatments, the NO3
–-N content trends in the 

soil profile with an increase in irrigation amount were quite 

different from those in the no-N (N0) treatments.  The NO3
–-N 

contents in the 0-20 cm soil layer were significantly higher than 

those of the no-N treatments and were in the 70-110 mg/kg range.  

The values first decreased with an increase in soil depth, and the 

lowest value was observed in the 40-60 cm soil layer.  Below the 

60 cm depth, the NO3
–-N contents began to increase toward the 

lower soil layers, and the increase was more pronounced under 

higher irrigation levels.  Particularly, the NO3
–-N content in the 

80-100 cm soil layer in the N1W3 treatment (74.9 mg/kg) was 

significantly higher than that before the experiment (15.66 mg/kg). 

A continuous increase in N application rate led to greater 

variation in NO3-N content in the soil profile.  When the 

maximum levels of N application and drip irrigation were applied 

(N3W3), the NO3
–-N contents in different soil layers were the 

highest.  The value was as high as 105.3 mg/kg in the 80-100 cm 

soil layer. 

The distribution of NH4
+-N content in the soil profile under 

different treatments is shown in Figure 4.  In each soil layer, the 

NH4
+-N contents of the N0 treatments were lower than those of the 

other treatments.  The values were <10 mg/kg in all cases and 

exhibited a downward trend with an increase in soil depth. 

Soil available N mainly includes two forms, NO3
–-N and 

NH4
+-N.  The percentages of NO3

–-N in soil available N were 

significantly higher than those of NH4
+-N, and were maintained 

at >85% in the soil profile under different water-N coupling 

conditions (Table 3). 

 
Figure 4  Distribution of ammonium nitrogen (NH4

+-N) content in the 0-100 cm orchard soil profile under different treatments  

(Treatment abbreviations are defined in Table 2) 
 

Table 3  Percentages of NO3
–-N to available nitrogen in the 0-100 cm soil profile under different treatments 

Soil depth/cm 

Ratios of NO3
–
-N to available nitrogen/% 

N0W1 N0W2 N0W3 N1W1 N1W2 N1W3 N2W1 N2W2 N2W3 N3W1 N3W2 N3W3 

0-20 90.9 89.5 95.4 91.9 90.7 91.6 94.1 87.1 93.9 92.1 94.3 93.0 

20-40 87.5 92.4 94.5 89.1 91.1 92.2 93.3 87.1 72.0 90.8 95.8 95.2 

40-60 92.5 93.4 83.8 81.5 86.7 89.7 94.5 90.2 89.2 78.0 97.1 94.8 

60-80 86.1 87.1 88.6 90.8 90.5 96.0 93.2 77.9 90.8 94.7 88.7 96.5 

80-100 75.3 89.3 89.6 93.9 82.7 92.4 95.6 84.2 94.2 92.7 87.1 93.5 

Note: Treatment abbreviations are defined in Table 2 
 

3.4  Effects of water-nitrogen coupling fertilization on apple 

yield 

The effects of different fertilization treatments on apple yield 

over three consecutive years are shown in Figure 5.  Apple yield 

increased significantly under favorable water-N coupling 

fertilization conditions.  It was controlled by two factors, namely 

N application rate and drip irrigation amount.  Under similar N 

application levels, such as N0, apple yield in the N0W1 treatment 

was significantly lower than those in the N0W2 and N0W3 

treatments, with the lowest value observed in the second year of the 

experiment, at 24.7 t/hm2 (Figure 5).  This yield difference was 

more pronounced with an increase in the number of years, and was 

6.7 t/hm2 between the N0W1 and N0W3 treatments in the third 

year.  In addition, under the same treatments, apple yields in the 

second year were lower than the yields in other years. 

When low-N was applied, apple yield in the N1W2 treatment 

was higher than those of the N1W1 and N1W3 treatments.  

Similar trends were observed under moderate- and high-N 

treatments.  That is, the yields of the N2W2 and N3W2 treatments 

were higher than those of the N2W1/N2W3 and N3W1/N3W3 

treatments, respectively.  Furthermore, there were certain 

differences across different years.  Generally, similar trends were 

observed in the first and third years; however, apple yield in the 

third year was higher than that in other years.  The mean yield of 

all treatments in the third year was as high as 45.9 t/hm2, while the 

mean yields in the first and second years were 35.4 t/hm2 and  

32.8 t/hm2, respectively. 

When irrigation was controlled at the same level, such as in  
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W1, apple yields in the N2W1 and N3W1 treatments were higher 

than those in the N1W1 and N0W1 treatments.  Regardless of the 

irrigation amount, the lowest yield was obtained under no-N 

application treatments.  In the third year, apple yields under the 

W2 treatments were significantly higher than those under the W3 

and W1 treatments. 

 
Note: Treatment abbreviations are defined in Table 2 

Figure 5  Apple yield under different fertilization treatments 
 

3.5  Effects of water-nitrogen coupling fertilization on orchard 

economic benefits 

The economic benefits of apples under water-N coupling 

fertilization in the orchard in Weibei Dryland are summarized in 

Table 4.  Different fertilization treatments increased mean apple 

yield by 7.3%-41.62%.  The yield in the N2W2 treatment was as 

high as 41.01 t/hm2, which was 41.62% higher than that in the 

N0W1 treatment.  In addition, apple yields in the N3W1 and 

N3W2 treatments were 38.50% and 36.65% higher, respectively, 

than those in the N0W1 treatment.  The N3W3 treatment received 

the highest amounts of N fertilizer and irrigation water; however, 

the associated yield increase was not high, at only 28.68%.  

Considering the water and fertilizer input in the N3W3 treatment 

being the highest (75 000 RMB yuan/hm2), the associated net 

income was relatively low. 

The results of the economic benefit analysis showed that the 

output value of the N2W2 treatment was 237 900 Yuan/hm2, and 

the associated net income was 232 000 Yuan/hm2, which was a net 

increase of 67 200 Yuan/hm2 when compared with that of the 

N0W1 treatment.  The output value of the N3W1 treatment was 

second only to that of the N2W2 treatment, and its net income, 

226 600 Yuan/hm2, was slightly higher than those of other 

treatments.  Although the N0 treatment received no N fertilizer 

input, its apple yield was relatively low, so the associated net 

income was the lowest.  The yield difference in the N1 treatments 

under different irrigation levels was not significant.  However, the 

N1W3 treatment received a high amount of water, so the output 

value was lower than those of the N1W1 and N1W2 treatments. 
 

Table 4  Economic benefits of apple in the orchard in Weibei Dryland 

Treatment Mean apple yield/t·hm
−2

 Percentage increase/% 
Mean output value 

/10
4 
Yuan·hm

−2
 

Fertilization investment 

/10
4
 Yuan·hm

−2
 

Net income 

/10
4
 Yuan·hm

−2
 

N0 

W1 28.96
c
 -- 16.80 0.32 16.48 

W2 31.08
c
 7.30 18.02 0.39 17.63 

W3 32.58
c
 12.48 18.89 0.47 18.43 

N1 

W1 38.71
b
 33.68 22.45 0.41 22.04 

W2 39.27
b
 35.61 22.78 0.49 22.29 

W3 38.14
b
 31.69 22.12 0.56 21.56 

N2 

W1 38.91
b
 34.37 22.57 0.51 22.06 

W2 41.01
a
 41.62 23.79 0.58 23.20 

W3 38.20
b
 31.90 22.15 0.66 21.50 

N3 

W1 40.11
a
 38.50 23.26 0.61 22.66 

W2 39.58
a
 36.65 22.95 0.68 22.27 

W3 37.27
b
 28.68 21.61 0.75 20.86 

Note: Treatment abbreviations are defined in Table 2.  Apple price: 5.8 RMB yuan/kg; fertilizer price: 4.78, 4.17, and 7.0 RMB yuan/kg for N, P2O5, and K2O, 

respectively; agricultural water charge: 3.0 RMB yuan/t; and the cost-benefit analysis did not include other costs except for fertilizer.  Different letters in the same 

column mean significant difference at the 0.05 level. 
 

 

4  Discussion 

Water-N coupling management has prominent effects on crop 

yields, soil N reserves, and nitrate leaching[29].  The optimal 

water-N coupling management strategy can not only meet the 

needs of crop growth but also effectively maintain the N reserves 

of arable land and reduce groundwater pollution caused by nitrate 

leaching.  Therefore, the present study tested 12 water-N coupling 

fertilization treatments in an apple orchard in the Weibei Dryland.  

In all cases, the three N forms (TN, NO3
–-N, and NH4

+-N) occurred 

at considerably high levels in the surface layer than in the lower 

soil layers.  In each soil layer, the contents of different N forms 

were ranked as follows: TN > NO3
–-N > NH4

+-N.  N application 

increased total and available N significantly in the 0-20 cm soil 

layer.  However, extremely high irrigation levels could cause soil 

nitrate leaching. 
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According to the classification criteria proposed by Zhang et 

al.[25], the TN content of orchard soil can be divided into three 

levels: TN>1.0 g/kg, which represents TN-rich soil; TN= 0.75-  

1.0 g/kg, which represents soil with a moderate TN level; and 

TN<0.75 g/kg, which represents a TN-deficient soil.  Here, we 

observed that soil TN contents generally decreased after 

irrigation-only treatments, when compared with the levels before 

experimentation.  Soil conditions changed from TN-rich levels to 

moderate TN or TN-deficient levels because fruit trees absorbed 

and transported high N amounts from the surface soil to the 

above-ground plant parts during growth.  However, soil TN 

content in the surface soil varied in the 1.5-2.5 g/kg (TN-rich) 

range under the N3 treatments, and the values of different soil 

layers changed dynamically with an increase in irrigation amount.  

In particular, the N3W2 and N3W3 treatments led to TN contents 

in the 40-60 cm soil layer higher than those in other treatments, and 

the TN content in the 80-100 cm soil layer exceeded 1.2 g/kg. 

NO3
–-N contents generally decreased with an increase in soil 

depth under the irrigation-only treatments.  During the growth of 

fruit trees, root activity was improved and soil NO3
–-N was 

enhanced to meet the increased biomass requirements for shoot 

growth and fruit expansion.  Therefore, the translocation of 

NO3
–-N to the above-ground parts was promoted, which in turn 

reduced soil NO3
–-N content under the no N fertilization treatments.  

Following N application (e.g., N1), the lowest NO3
–-N contents 

were observed in the 40-60 cm soil layer, which corresponded with 

the fruit tree root distribution at the depth[26].  In addition, NO3
–-N 

content tended to increase toward greater soil depths, > 60 cm 

depth, especially under irrigation.  The main reason is that the root 

system cannot reach the deeper soil layers, while excessive 

irrigation causes nitrate leaching. 

The highest NO3
–-N content in each layer of the 0-100 cm soil 

profile was observed under the N3W3 treatment, which received 

the highest water and fertilizer amounts.  Especially in the 80-  

100 cm soil layer, the NO3
–-N content in the N3W3 treatment 

reached 105.3 mg/kg.  The result is consistent with the finding of 

Zhang et al.[30], which showed that severe nitrate leaching occurred 

in the soil when the N application rate exceeded 500 kg/hm2.  In 

addition, Kou et al.[31] found that when the N surplus exceeded  

500 kg/hm2 in an orchard (Huimin, Shandong Province, China), 

soil NO3
–-N accumulation increased with an increase in soil depth, 

and up to 60% of the accumulation occurred in the 90-180 cm soil 

layer (mean = 976 kg/hm2).  In the present study, the N 

application level of the N3 treatments was 600 kg/hm2      

(>500 kg/hm2).  Taking into account the high irrigation level, the 

NO3
–-N accumulation levels in different soil layers can be 

substantial. 

The vertical NH4
+-N content distribution was characterized by 

the accumulation in the surface layers and depletion in the lower 

layers.  The distribution trend indicates that NH4
+-N migrated less 

downward due to soil adsorption, which is consistent with the 

results of Lu et al.[27].  However, NH4
+-N only accounted for a 

low percentage (<15%) of the soil available N in the present study, 

which is consistent with the findings of Ran et al.[28] in the Weibei 

Dryland.  Indeed, the main form of inorganic N occurring in soil 

and lost by leaching is NO3
–-N.  Under dry conditions, 

nitrification results in NO3
–-N accumulation, while irrigation or 

rainfall promotes the downward migration of NO3
–-N[27].  NO3

–-N 

leaching in orchard soil due to excessive fertilizer and water is a 

major soil N loss pathway, which not only reduces N fertilizer-use 

efficiency in orchards but also causes NO3
–-N accumulation in 

deep soil layers and groundwater pollution. 

Zhang et al.[32] reported that soil moisture is a carrier of N 

leachate and precipitation and irrigation influence leaching levels.  

In the present study, the surface soil water content was maintained 

between 8.53% and 20.8% across different treatments.  Higher 

values were observed in September, which was not only linked to 

the rainy season but also to supplemental drip irrigation.  

Generally, soil water content tended to increase with an increase in 

irrigation level.  However, similar values were observed in lower 

soil layers from August to September, mainly because the amount 

of rainwater at that stage was greater than the amount of irrigation 

water applied, which minimized the difference in soil water content.  

Furthermore, the soil water content varied over a smaller range in 

the lower soil layers compared to the surface soil layer, under 

different irrigation levels, mainly due to the influence of climatic 

conditions and evaporation on the surface soil.  Because the water 

contents of lower soil layers guarantee water supply to root systems, 

the results indicate that appropriate drip irrigation can maintain soil 

water content and thereby promote production in fruit trees in the 

apple orchards in drylands, which is a prerequisite for high fruit 

yield in the Weibei Dryland. 

According to Sun et al.[36], rational fertilization through drip 

irrigation can improve water-use efficiency in drylands, thereby 

facilitating crop yield increases.  Irrigation also regulates fertilizer 

effects, and water can improve fertilizer-use efficiency.  In the 

present study, the apple yields under the irrigation-only treatments 

were lower in the second year when compared with other years, 

mainly because of the “cold spring” in the second year, which 

caused forest damage over an area of 1733 hm2 in Shaanxi 

Province.  Following N application, the highest apple yield was 

obtained under medium irrigation levels.  Either too high or low 

levels of irrigation are not conducive to apple production.  The 

effects of water and fertilizer management became more evident 

with the prolongation of field experiments in orchards. 

Zhang and Shan[37] demonstrated that N as a nutrient can 

enhance crop sensitivity to drought, and greatly reduces crop 

relative water content, water potential, and transpiration loss; 

additional N benefits include an increase in free water content, 

decreases in irreducible water content and membrane stability, and 

improvement in water-use efficiency.  Under similar irrigation 

levels, in the present study, the lowest yield was obtained under 

no-N application, indicating that N application rate was the major 

reason for the increase in fruit yield.  In addition, irrigation water 

can maximize the effects of N fertilizer, thereby enhancing fruit 

yield to a great extent.  However, in the third study year, we 

observed that apple yield under moderate irrigation was higher than 

those under low or high irrigation levels.  A plausible reason is 

that high-level irrigation leads to N migration with water 

infiltration, causing N fertilizer loss. 

Excessive fertilization and irrigation would inevitably lead to 

soil NO3
–-N leaching and subsequent accumulation in the deep soil 

layers outside the root zone.  This fraction of NO3
–-N is not easily 

absorbed or utilized by plants, which results not only in fertilizer 

waste but also in soil and groundwater pollution.  “Underground 

fertile water,” which refers to groundwater containing high 

concentrations of nitrate, has emerged in some areas of China with 

intensive agricultural production[33,34].  Soil water and nutrients 

are the most basic materials required for the growth and 

development of fruit trees.  Only when they are integrated and 

co-exist in the orchard soil can they have positive effects on crop 

growth and yield through interactive effects[35].  It is vital to adjust 
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the levels of irrigation and fertilizer application within reasonable 

ranges based on local conditions to achieve a synergy between 

water and fertilizer and “enhance fertilizer effects with water” and 

“regulate water availability with fertilizer”, which are of great 

significance for environmental protection in terms of conservation 

of water and fertilizer resources.  

5  Conclusions 

Different water-N coupling treatments influenced the 

distribution of soil N (TN, NO3
–-N, and NH4

+-N) in the 0-100 cm 

soil profile of an apple orchard in Weibei Dryland.  NO3
–-N 

content decreased toward lower soil layers gradually, and the 

lowest values were observed in the 40-60 cm layer.  NO3
–-N 

content exhibited dynamic changes with an increase in N 

application level, and the highest value of each soil layer was 

observed under high-N and high-irrigation levels (N3W3 

treatment).  However, the NH4
+-N content was relatively low  

(<10 mg/kg) and exhibited a downward trend with an increase in 

soil depth.  Different water-N coupling treatments also increased 

apple yield when compared with the yield under drip irrigation only 

(N0W1 treatment), and the highest yield was observed under the 

medium-N and medium-irrigation levels (N2W2 treatment).  

Considering apple yield and potential economic and environmental 

benefits, the N2W2 treatment (N=400 kg/hm2, drip irrigation =  

600 m3/hm2) is the optimal strategy for water-fertilizer coupling 

drip irrigation in the apple orchard in Weibei Dryland. 
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