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Abstract: Irrigation water is limiting for crop production in arid areas and application rates of
fertilizers often exceed crop requirements, resulting in high accumulation of nitrate nitrogen (NO3~-N)
in the soil. Management practices play a significant role in the leaching of NO3™-N. This experiment
compares the effects of traditional furrow irrigation and sprinkler fertigation on the soil NO3;~-N
concentration trend throughout the cropping season in potato fields in China. Two irrigation systems
that were fertilized, namely by furrow (NF-FI) and sprinkler fertigation (NF-SI), and two controlling
without any fertilizer (C-FI and C-SI) were tested in the same experimental site for three consecutive
years. Both the NF-FI soils and NF-SI soils with three replications and fertilizer applications of
273 kg N ha! exhibited a different trend of NO3~-N accumulation at different depths of soil profile.
However, the magnitude of NO3™-N accumulation was low in the NF-SI soil profile. In NF-SI
treatments, higher NO3;™-N was observed at 20—40 cm soil layer. In the NF-FI, the concentration of
the highest nitrate was observed at the 40-120 cm soil layer. The concentrations of NO3™-N in the
fertilized soil were higher than those of the control soil for each irrigation system. Residual levels
of NO3;™-N in the soil depth of 40-120 cm from NF-FI were 1.54, 3.45 and 5.28 times higher than
NEF-SI after harvesting potatoes from 2015 to 2017. In NF-FI treatments, apparent nitrogen loss was
234.7,237.5 and 276.7 kg ha™! after harvesting potatoes in 2015, 2016 and 2017. Meanwhile, apparent
nitrogen loss from NF-SI treatments was only 161.9, 132.1 and 148.9 kg ha~!, which was 31.0%, 44.4%
and 46.2% lower than that of NE-FI in 2015, 2016 and 2017, respectively. The risk of NO3~-N leaching
below the root zone from NF-FI was higher than that from NF-SI. It has been demonstrated that
sprinkler fertigation can also be used as a tool for mitigating NO3™-N accumulation and apparent
nitrogen loss.

Keywords: sprinkler fertigation; potato; nitrate nitrogen; furrow irrigation; apparent nitrogen loss

1. Introduction

Nitrogen (N) is both an essential nutrient and a major pollutant in agricultural ecosystems [1].
Nitrogen input worldwide mainly comes from the application of chemical nitrogen fertilizer. The low
efficiency of nitrogen fertilizer is mainly attributed to the loss of soil nitrogen caused by unreasonable
use of water and fertilizer [2,3]. The peculiarity of nitrate nitrogen (NO3™-N), such as its leaching
susceptibility compared to the other nitrogen form (ammonium nitrogen) in the soil, has been
reported [1-5]. NO3~-N in the soil is rapidly solubilized and moves with water, causing N losses due
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to the low adsorption capacity of soil to NO3™-N [4,5]. The results of some field experiments have
suggested that NO3™-N leaching responds non-linearly to increasing N inputs. NO3;™-N leaching is
mainly affected by irrigation measures, nitrogen fertilizer management, crop system, soil management
and soil type [6,7]. Irrigated agriculture has been identified as a significant source of NO3;™-N
pollution [8]. Changes in irrigation systems mainly affect the mineralization and leaching of nitrogen
by changing the soil water movement and affecting the distribution of available nitrogen in soil [9].

Furrow irrigation is currently the most common system used in many agricultural production
areas around the world [8]. However, drought events have forced farmers to restrict agricultural
irrigation in this region [10], and some farmers are considering changing from furrow irrigation to a
water saving irrigation system, such as sprinkler irrigation, which is generally considered a way to use
water more efficiently [11].

Sprinkler fertigation is the integration of water and fertilizer, which is one of the most widely
used water saving and fertilizer saving irrigation methods [12]. The wetting front in the soil profile
is shallow under sprinkler fertigation, compared with furrow irrigation. The leaching of NO;™-N
caused by different water distributions and its impact on the environment are different from sprinkler
fertigation and furrow irrigation. At present, research on soil nitrogen distribution under sprinkler
fertigation mainly focuses on the state of the art of the fixed sprinkler fertigation in wheat and corn
fields [12-15]. However, the study of NO3™-N distribution, nitrogen balance and apparent nitrogen
loss under sprinkler fertigation with low energy precision application (LEPA) sprinklers and furrow
irrigation in potato fields is a lack of data support in arid and semi-arid areas. It is of great significance
for the sustainable development of agriculture and the environment to optimize the irrigation and
nitrogen management scheme of potato fields and provide technical guidance for the exploration of a
standardized production mode suitable for high potato yield.

Based on the previously mentioned literature review, it is expected that the furrow irrigation
and sprinkler fertigation methods will influence NO3;™-N movement due to the different wetted
forms in the soils. This experiment was performed to (I) determine the soil NO3™-N distribution
patterns under sprinkler fertigation and furrow irrigation as a function of depth, lateral distance and
fertilizer application method; (II) determine changes in soil NO3™-N before and after the potato growth
period; (III) determine the cumulative residual NO3;™-N in the soils after harvesting potatoes, and (IV)
determine the nitrogen balance under furrow and sprinkler fertigation.

2. Experiments

2.1. Description of Study Site

The field experiments were conducted at Hohhot Potato Experimental Station (HPES), Chinese
Academy of Sciences, between 19 May 2015 and 23 September 2017. HPES is located in the suburbs of
Hohhot, Inner Mongolia (40°45’34” N, 111°41’56” E, 1045 m above sea level). The annual precipitation is
around 335 mm, concentrated between July and August. The spring and early summer are normally dry.
The soil is sandy loam with an average bulk density of 1.29 g-em™3. Other physico-chemical properties
of the upper (0-30 cm) soil horizon: pH, 7.79; organic matter, 3.43 g kg~!; total nitrogen, 0.25 g kg~;
Olsen P, 4.68 mg kg~!; available potassium, 184.03 mg-kg~!. Field soil water capacity (gravity content)
is about 44.5%. The soluble mineral content of the area’s groundwater is less than 0.5 g 1.

2.2. Experimental Design

Two treatments for sprinkler fertigation and traditional furrow irrigation were designed as
different irrigation regimes. The two treatments for sprinkler fertigation were fertilizing (NF-SI) and a
control without any fertilizer (C-SI). The two treatments for furrow irrigation were fertilizing (NF-FI)
and a control without any fertilizer (C-FI).
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All treatments were replicated three times, with the experimental plots arranged in a complete
randomized block design. Each plot had one valve, one flow meter and one pressure gauge to measure
the irrigation water volume and control the operating pressure by the valve. The low energy precision
application (LEPA) sprinkler tape with 2.8 m sprinkler spacing and a flow rate of 10.2 mm per hour at
the operating pressure of 0.1 MPa were mounted on 130 cm high-risers above the center of raised beds.
Sprinkler fertigation with a walking speed of 30 m-h~! was automatically controlled by a computer.
Furrow irrigation was provided by water pipes along the furrows. Length of the furrow was 11.2 m.
The spacing of the raised bed was 0.3 m high and 0.9 m wide, with the top of bed being 0.3 m wide for
planting potatoes (Figure 1).
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Figure 1. (a) A schematic diagram of sampling points in the soil from sprinkler fertigation. (b) A schematic
diagram of sampling points in the soil from furrow irrigation.

2.3. Field Management

Each plot was 11.2 X 7.2 m and contained eight raised beds. Potato (Solanum tuberosum L.
cv. Favorita) seed pieces with sowing rate of 2250 kg ha™! were planted in the center of the raised beds
at 0.2 m intervals and 0.1 m depth. Each plot consisted of 448 plants.

Fertilizer was applied uniformly to each fertilizing treatment when the soil was plowed.
The furrows were constructed using a seeding machine. In sprinkler fertigation and furrow irrigation,
fertilizers were first broadcast on the ridges by hand and then irrigated. Fertilizer applications were
140 kg N ha~! for N, P and K compound fertilizer. The date and amount of the top dressing fertilization
in two different ways in the treatments was performed based on the local fertilizing habits. Urea and
potassium nitrate at a rate of 133 kg N ha~! were distributed for top dressing after potato emergence.
In sprinkler fertigation, fertilizers were dissolved in the irrigation water and applied to the soil together
with the water. In furrow irrigation, fertilizers were applied on the ridges by hand. The subplots were
independent but irrigated at the same time.



Water 2020, 12, 2229 40f 15

The first irrigation began on 19 May 2015, 25 May 2016 and 15 May 2017, immediately after the
potatoes were planted. Water application intensity in the first was 40 mm (6 min)~! for sprinkler
fertigation. After the potatoes” emergence, the sprinkler field was irrigated when the mean soil matric
potential (SMP) of the 0-20 cm soil layer decreased to around —20.0 kPa. The irrigation duration was
determined by the wetting of main potato-root zones and was usually around 1.5 min, with around
10 mm of water each time by automatic control with computer. Sprinkler fertigation was stopped 20 d
before harvesting.

The date and water amount of furrow irrigation was implemented based on the local irrigation
practices. Irrigation was uniformly applied three times throughout the crop growing season: once when
potatoes were planted, the second application during the tuber set stage and the third application
during the tuber bulking stage. Irrigation frequency was higher while total irrigation water was smaller
in the sprinkler-irrigated field than in the furrow-irrigated field in the three experimental seasons.
The total amounts of water applied for sprinkler and furrow irrigation during the study period were
191.4 and 609.6 mm in 2015, 200.7 and 601.8 mm in 2016, 205.0 and 593.7 mm in 2017, respectively.

The potatoes required around 105 days to reach maturity and were harvested in September for
total yield.

2.4. Sampling and Analysis on Soil and Crop

During the cropping season, soil samples from each subplot were collected during seedling
stage, tuber formation stage, tuber swelling stage and maturity stage, from the center of the ridge
to the side of the ridge, 040 cm in the horizontal direction, collecting one point at each 10 cm
intervals. The five sampling points in the horizontal direction were vertically downward from the
ground, 0—40 cm, one point at each 10 cm interval and 40-120 cm, one point at each 20 cm interval
(Figure 1). Forty points were collected for each treatment. The collected soil samples, packed into
sealed bags, were quickly brought back to the laboratory, where they were analyzed immediately using
continuous-flow analysis [16]. The ten potato plants were selected randomly to measure their nitrogen
uptake in each plot, every two weeks.

NO;~-N and NH4"-N in the soils were determined by extracting 8 g of fresh soil with 60 ml of
deionized water and 50 ml of KCl (0.01 M), respectively [17]. They were measured by continuous-flow
analysis (Futura, Alliance, France). The amount of nitrogen absorbed in the plants was determined by
digesting and measured by KjelMaster K-375 (K-375, BUCHI, Switzerland). Precipitation data were
collected from a portable weather station located in the potato experimental farm. Soil moisture content
was measured by the TDR350-indicating instrument (SPECTRUM Inc., ST Petersburg, FL, USA) [18].
Irrigation time was controlled by a tensiometer under sprinkler fertigation [17].

2.5. Calculation Method of Nitrogen in Soil

Regarding the calculation of soil nitrogen, NO3™-N is the main form of nitrogen in upland soils in
Northern China. When calculating the soil nitrogen balance, the content of NH4*-N in the soil was not
considered, mainly because of the NH;-N’s impact on leaching non-susceptibility, and the NH;*-N
content in the arid regions is very low, and its variation range is small in the Northwestern China
Plain [19,20].

Apparent nitrogen loss is an important indicator for evaluating nitrogen use status, which is
always associated with substantial reactive N loss through hydrological and gaseous pathways [21,22]
and was calculated as [23,24]:
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ANL = IN + ANM + NF + NR + NI - NA = NRS_49 ) 1)

where ANL is apparent nitrogen loss, including nitrogen leaching and gas nitrogen loss, such as Ny,
NOy, N>O, NHj3, where the unit is kg N ha~1; IN is initial nitrogen of soil in the depth from 0 to 120 cm,
where the unit is kg N ha~!; ANM is apparent nitrogen mineralization (kg N ha=!), which is estimated
as the difference between nitrogen output (nitrogen absorbed by crops plus nitrogen residual in the soil
after harvest) and nitrogen input (initial nitrogen of soil before planting) in soil of a depth from 0 to
120 cm in the control without any fertilizer [25]; NF is nitrogen fertilizer, where the unit is kg N ha1;
NR is from rainfall, where the unit is kg N ha~!; NI is from irrigation water, where the unit is kg N ha~!;
NA is nitrogen absorbed by crops after harvest, where the unit is kg N ha™!;

NRS (kg N ha™!) is the nitrogen residual of soil after harvest at a depth ranging from 0 to 120 cm,
which is calculated using the following equation:

NRS(O_40 cm) - Ci X BD X SD X 01 (2)

n
i=1

C; xBDxSD x0.1 3)
1

NRS(40-120 em) =

n
i=

where C; is the NO3;™-N concentration of soil after harvest at a depth of 0 to 120 cm and the unit is
mg kg~!; BD is soil bulk density, where the unit is g cm~3; SD is soil depth, where the unit is cm.
Soil samples were collected at 10 cm intervals from 0 to 40 cm and 20 cm intervals from 40 cm to 120 cm.

2.6. Data Statistics and Drafting

Data calculations were carried out using Excel 2017 software. Origin Pro8 and Sigmaplot 13
(Systat Software, Inc., Santa Clara, CA, USA) were used for drafting. One-way analysis of variance
(ANOVA) was used to analysis the significances of difference by SPSS 22.0 (SPSS Inc., Chicago, IL, USA),
in Tukey’s test, in which multiple comparisons of means were implemented using the least significant
difference at the 0.05 probability level.

3. Results

3.1. Changes in Precipitation and Temperature

The atmospheric temperature showed a basically consistent trend of change from April to October
in 2015, 2016 and 2017. The temperature began to increase gradually in April and was higher from
July to August than other months (Figure 2). The temperature (mean value of the three years) was
21.8°C,22.7 °C and 21.1 °C in 2015, 2016 and 2017, respectively. The frequency of rainfall during the
potato growing season in 2016 was higher than that in 2015 and 2017. There was no difference in the
total rainfall of the crop growing season in 2015, 2016 and 2017, which were 219.5 mm, 196.7 mm and
201.8 mm, respectively (Figure 2).
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Figure 2. Temperature and rainfall measured at the potato experimental farm in 2015 (a), 2016 (b) and
2017 (c). The rainfall values are the sum of daily rainfall. Air temperature is a daily average throughout
the crop growing season.

3.2. Distribution Characteristics of Soil NO3™-N Under Furrow Irrigation and Sprinkler Fertigation
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The concentration of NO3™-N in soil of 040 cm gradually increased with the increase in soil
depth from potato fields under two irrigation methods. However, significant seasonal variations
in NO3™-N concentration from the depth of 40-80 cm in soil were exhibited from furrow irrigation
and sprinkler fertigation during tuber set stages and tuber bulking stages in 2015, 2016 and 2017
(Figure 3). The NO3™-N increased significantly in the soil of 40-80 cm with increasing depth under
furrow irrigation. The highest content of NO3;™-N was concentrated in the soil layer of 40-80 cm
in depth and 40 cm in the horizontal distance from the ridge center outside the potato root region
under furrow irrigation for both tuber set stages and tuber bulking stages, which were 36.14, 88.59 and
96.24 mg kg~! from 2015 to 2017. However, significant differences in the concentration of NO3~-N were
observed at depths of soil between 0 and 40 cm and between 40 and 80 cm under sprinkler fertigation



Water 2020, 12, 2229 7 of 15

(p <0.01). NO3™-N content from the depth of 40-80 cm in soil was lower than 0-40 cm under sprinkler
fertigation. There was the highest content of NO3™-N in the soil layer of 3040 cm in depth and 20 cm
in the horizontal distance from ridge center near the potato root region, which were 23.34, 31.76 and
48.46 mg kg~! under sprinkler fertigation. The seasonal average content of soil NO3™-N was 17.85,
24.74 and 28.01 mg kg~! at the depth of 0-120 cm from furrow irrigation, which was higher than that
(7.74,9.31 and 10.45 mg kg~!) from sprinkler fertigation from 2015 to 2017. The NO3~-N concentrations
of the fertilized soil were higher than those of the control soil for each irrigation system.
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Figure 3. Distribution of NO3™-N in the fertilized soil with depths and horizontal distances in subplots.
(a—c): Nitrogen fertilizer (NF) under sprinkler fertigation (SI) in 2015, 2016 and 2017. (d—f): NF from

furrow irrigation in 2015, 2016 and 2017.
3.3. Changes in Soil NO3™-N Before and After Potato Growth Period

The NO3;™-N concentration of soil after harvesting potatoes was compared with that before
planting. The variation of NO3;™-N in the soil depth of 40-120 cm was negative under sprinkler
fertigation. There was no NO3™-N leaching out of the potato root region, which ranged from 0 to
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40 cm in soil depth after each potato growing season under sprinkler fertigation from 2015 to 2017.
The maximum reduction of NO3;~-N concentration under sprinkler fertigation was 2.21 mg kg™! in
2017 (Figure 4). However, the variation of nitrogen in soil of 40-120 cm was positive under furrow
irrigation. The increase in soil NO3;™-N content after the growing season resulted in the leakage of
NO3z™-N from the potato root region. The depth of soil with the highest increase of NO;™-N was
40-80 cm, with increases of 5.09, 14.19 and 13.03 mg kg ™! from 2015 to 2017, respectively.
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Figure 4. Net increase of NO;™-N from different soil depths after harvest in 2015, 2016 and 2017.
Vertical bars indicate the mean and standard error.

3.4. Cumulative Residual of NO3™-N in the Soil of 40-120 cm after Harvesting Potatoes

The cumulative residual of NO3~-N was 70.2, 88.5 and 123.7 kg N ha! at a depth of 40-120 cm
under furrow irrigation, which was significantly higher than that of sprinkler fertigation after harvesting
potatoes from 2015 to 2017 (p < 0.01). The cumulative residual of NO3™-N in soil of 40-120 cm was
27.6,19.9 and 19.7 kg ha™! under sprinkler fertigation after harvesting potatoes from 2015 to 2017
(Figure 5). The cumulative residual of NO3™-N from traditional furrow irrigation was 1.54, 3.45 and
5.28 times more than that of sprinkler fertigation in 2015, 2016 and 2017. The cumulative residual of
NO;3;7-N in the soil of 40-120 cm under traditional furrow irrigation increased year by year, while the
cumulative residual of NO3™-N in soil of sprinkler fertigation decreased gradually during the three
growing seasons in 2015, 2016 and 2017. The cumulative residual of NO3;7™-N in the fertilized soils were
higher than those of the unfertilized treatments for each irrigation system. The NO3~-N leaching risk
was increased in the soils under traditional furrow irrigation after three years of cultivating potatoes.

200
v‘_tﬂ
= — 2015
< m— 2016
= 150 1 = 2017
O(')
=z
kS
S 100 -
3
[}
o
=
B 50 A
3
E
3
o i
0 -

NF-FI NF-SI

Figure 5. Nitrogen interception with different modes of irrigation after harvest from 2015 to 2017.
Vertical bars indicate the mean and standard error.
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3.5. Nitrogen Balance under Furrow and Sprinkler Fertigation

The apparent nitrogen loss from furrow irrigation was 234.7, 237.5 and 276.7 kg ha™!, accounting
for 44.0%, 41.3% and 44.8% of the input of nitrogen in 2015, 2016 and 2017 (Table 1). However, the
apparent nitrogen loss under sprinkler fertigation was 161.9, 132.1 and 148.9 kg ha~!, accounting for
22.9%, 25.1% and 33.7% of the input of nitrogen from 2015 to 2017, respectively. The apparent nitrogen
loss from sprinkler fertigation was 31.0%, 44.4% and 46.2% lower than that from furrow irrigation in
2015, 2016 and 2017. The apparent nitrogen loss had been greatly reduced under sprinkler fertigation.

Table 1. Input and output of nitrogen from different irrigation mode from 2015 to 2017.

Input/kg-ha-1 Output/kg ha™1

Time Treatments
IN NF ANM NR NI  NRSggem NA ANL
SF 76.0 273.0 341.7a 12.3 2.6a 55.0a 488.1a 161.9a
2015 FF 76.0 273.0 164.1b 12.3 8.2b 100.3b 198.0b  234.7b
2016 SF 70.6a 273.0 167.6a 11.6 2.6a 48.4a 345.0a 132.1a
FF 170.5b  273.0 112.1b 11.6 8.1b 176.0b 162.0b  237.5b
2017 SF 78.3a 273.0 75.5a 11.7 2.7a 46.2a 246.0a 148.9a
FF 264.5b  273.0 60.2a 11.7 8.6b 215.2b 126.0b  276.7b

Note: SF is sprinkler fertigation with fertilizer. FF is furrow irrigation with fertilizer. The inputs are IN, NF, ANM,
NR and NI. The outputs are NRS(_49 cm), NA and ANL. IN is initial nitrogen of soil. NF is nitrogen fertilizer. ANM
is apparent nitrogen mineralization. NR is nitrogen from rainfall. NI is nitrogen from irrigation. NRS is nitrogen
residual of soil. NA is nitrogen absorbed by crops. ANL is apparent nitrogen loss. For each of the two treatments in
the same year, means within a column followed by a different letter are significantly different at p < 0.05.

4. Discussion

4.1. Distribution and Cumulative Residual of NO3™-N from Sprinkler Fertigation and Furrow Irrigation

NO;7-N that has accumulated in soils is highly prone to leaching, directly threatening the
quality of groundwater. Irrigation water productivity could be significantly affected by the irrigation
variables, such as water flow and water volumes, that could regulate nitrate movement inside the
soil [13]. Water migrating downward in soil is the main reason for NO3;™-N leakage [26]. Soil NO3;~-N
leaching loss in arid and semi-arid irrigated areas under furrow irrigation is one of the main ways of
nitrogen loss [27]. It is susceptible to leaching NO3;™-N in soils with high residuals of NO3;™-N due
to excessive irrigation during the cropping season. Therefore, it is essential to optimize agricultural
management measures [28,29]. In our study, the cumulative NO3™-N in the soil layer of 40-120 cm
under sprinkler fertigation was less than that under furrow irrigation throughout the potato growing
season. The highest NO3™-N content was mainly concentrated in the root zone of the potato. Potatoes
can effectively absorb nitrogen from sprinkler fertigation. These results are consistent with the findings
of Lietal. (2016) [30] and of Qin (2013) [31]. Leakage of NO3~-N under the sprinkler fertigation system
was less than that in the furrow irrigation system [30]. Under furrow irrigation, the soil ammonium
and nitrate nitrogen content of 102.95 kg ha~! was the highest in the soil depth of 60-120 cm and
was 1.36 times higher than that under sprinkler fertigation [31]. Sprinkler fertigation can effectively
prevent NO3;™-N accumulation at depths below 90 cm on the soil profile, increasing the cumulative
peak of nitrate to a depth of 2040 cm. Sun et al. (2006) showed a peak of soil NO3™-N content at a
shallower depth in the soil from sprinkler fertigation and mainly distributed in the soil layer of 040
cm compared with furrow irrigation [32].

NO;3;™-N content at different depths of soil was sensitive to irrigation amount. There was a similar
trend between changes in NO3™-N content and moisture movement with the increase in soil depth.
Figure 6 exhibited the distribution of moisture at different depths of soils. The wetted front in the soil
profile generally does not exceed 40 cm under sprinkler fertigation. Little change happened in soil
moisture content below 40 cm of soil profile, and the moisture decreased with the increase in soil depth
downward. However, the wetting front of furrow irrigation can reach a depth of 90 cm in the profile of
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soil. Sprinkler fertigation did not produce deep leakage of water (Figure 6). The depth of 040 cm in
the soil is the main region of potato root distribution, where potatoes depend on the roots for water
consumption and nutrient uptake. Sprinkler fertigation is conducive to the absorption of water and
nitrogen nutrients by crops. Compared with furrow irrigation, water and fertilizer are concentrated in
the root zone of crops, are beneficial to crop absorption and utilization and do not easily cause fertilizer
residues and groundwater pollution.
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Figure 6. Variation of moisture in the soil with depths and horizontal distances from sprinkler fertigation
and furrow irrigation. Vertical bars indicate the mean and standard error.

In our study, the experiment on the potato field was carried out using the integrated technology
of water and fertilizer under sprinkler fertigation. The amount of irrigation per time was strictly
controlled according to the SMP. The sprinkling field was irrigated when the SMP of the 0-20 cm soil
layer decreased to around —20.0 kPa. The depth of the wetting front in the soil caused by the water
from sprinkler fertigation was less than 40 cm on the soil profile, which was consistent with the depth
that NO3;™-N can reach. The sprinkler fertigation system in this study can ensure that the nitrogen
applied to soil is mainly maintained in the root zone of 0—40 cm, which is more conducive to absorption
and utilization of nitrogen fertilizer for potato plants (Table 1) and is conducive to improving nitrogen
use efficiency and reducing environmental pollution risk. Potato is a typical crop of shallow root.
The soil in our study area was sandy soil, which has poor ability to intercept water and fertilizer. From
the point of view of environmental friendliness or reduction of environmental risk, the comprehensive
technology of sprinkler fertigation nutrient management in potato production has more important
practical significance in arid and semi-arid areas.

4.2. The Nitrogen Balance under Sprinkler Fertigation and Furrow Irrigation

Excessive furrow irrigation and inappropriate use of N fertilizer would inevitably increase soil
apparent nitrogen loss, resulting in environmental pollution in arid regions [33]. Soil nitrogen balance
reflected the relationship between nitrogen input and output in an agricultural system [34]. Soil nitrogen
balance had become an important indicator for regional agricultural nitrogen management [35].
Nitrogen balance based on N inputs and outputs in the soil can measure an agroecosystem’s performance
and environmental sustainability [36]. In this study, the apparent nitrogen loss under furrow irrigation
increased in three growing seasons of potato fields. The apparent nitrogen loss from furrow irrigation
reached 234.7,237.5 and 276.7 kg ha~!, which accounted for 44.0%, 41.3% and 44.8% of the input of
nitrogen during the three potato growing seasons in 2015, 2016 and 2017. These results were consistent
with those of other scholars. Liu et al. (2004) found that the apparent loss of nitrogen was 90-346 kg
ha~! when nitrogen applied to crops was 120-360 kg ha~! per season [37]. The apparent nitrogen loss
of sprinkler fertigation was 161.9, 132.1 and 148.9 kg ha1, accounting for 22.9%, 25.1% and 33.7% of
the input of nitrogen, which was lower than the research results of Li et al. (2015) for summer corn
fields under sprinkler fertigation, with a range from 40% to 71% [38]. Compared to furrow irrigation,
sprinkler fertigation decreased the apparent nitrogen loss by 31.0%, 44.9% and 46.2% for potatoes,
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respectively, due to lower irrigation and leaching rates. The apparent loss of nitrogen had been greatly
reduced from sprinkler fertigation. Among these nitrogen loss pathways, nitrate leaching is considered
to be the dominant cause of rising nitrate concentrations in groundwater and directly responsible for
ecosystem eutrophication and water quality degradation [39-41]. In these studies, the complexity of
measurements of some parameters and constraints on time, labor, and cost resulted in limited analysis
of the nitrogen balance in agroecosystems. We were unable to measure dry nitrogen deposition; thus,
the system’s nitrogen input in our studies may be underestimated.

5. Conclusions

The concentration of NO3;™-N in the soil, changes in soil NO3~-N concentration before and after
potato growth period, cumulative residual of NO3;7-N in the soil, nitrogen balance (including input:
IN, NF, ANM, NR and NI, output: NRS, NA and ANL) were evaluated in sprinkler and furrow
irrigated potato fields for three seasons. Results showed that leaching of NO;™-N was significantly
correlated with NO3™-N accumulation in the soil. The cumulative residual of NO3~-N under sprinkler
fertigation was less than that under furrow irrigation at the same rate of fertilizer application in potato
systems during three growing seasons. Furrow irrigation is considered a major source of NO;™-N
leaching. Soil NO3™-N accumulation and leaching can be reduced by source and process control, such
as reducing fertilizer application, and regulating irrigation under sprinkler fertigation. We therefore
recommend using sprinkler fertigation as an efficient fertigation method for reducing NO3™-N leaching
in the Northwestern China Plain.
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