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Abstract: We aimed to optimize field border length in the Huang-Huai-Hai Plain of China (HPC) to
reduce soil inorganic nitrogen residues and increase nitrogen absorption and utilization by wheat
plants using a traditional border irrigation system. In a two-year experiment (2017-2019) conducted
in the HPC, four border lengths were tested: 20 m (L20), 30 m (L30), 40 m (L40), and 50 m (L50).
Supplementary irrigation was implemented during jointing and anthesis stages, and control fields
received treatment without irrigation. The results showed that, compared with irrigation of other
border lengths, L40 irrigation significantly increased nitrogen transport in stems and leaves. In
addition, L40 irrigation had the highest rate of grain nitrogen accumulation after anthesis. The risk
of nitrate leaching to deep layers increased with increasing border length; however, L40 irrigation
improved the plants’ capacity to absorb soil nitrogen, and the soil inorganic nitrogen residue was
significantly lower than that with irrigation of other border lengths. Therefore, the grain yield
and nitrogen fertilizer utilization under L40 irrigation were significantly higher than those under
irrigation of other border lengths, and L40 was considered as the best border irrigation length.

Keywords: border irrigation; nitrogen translocation; nitrogen accumulation; soil nitrate nitrogen;
grain yield

1. Introduction

Wheat is one of the most important cereal crops in the world. Approximately 21%
of the world’s food depends on wheat, and ensuring wheat production is critical to food
security given rapid population growth [1]. The Huang-Huai-Hai Plain of China (HPC) is
the main grain production area in China, producing more than 60% of domestic wheat [2].
Affected by climatic factors, the rainfall in the wheat growing season accounts for only
one-third of the annual rainfall, and the area is prone to drought stress [3]. Especially in
the critical period of water demand during the jointing and anthesis stages, water stress
will significantly reduce wheat yield [4]. Therefore, groundwater supplementary irrigation
is the main measure to ensure wheat yield. At present, border irrigation is still the main
irrigation method in the HPC, but excessive border length leads to high irrigation volume
without increasing grain yield [5,6]. For instance, when the border length is between
80 m and 100 m, a single irrigation amount was approximately 100-150 mm, which far
exceeds the water availability required for wheat growth. However, Cui et al. [7] surveyed
approximately 300 plots in Huimin County, Shandong Province, and revealed that the
border lengths of 87% of the irrigation fields were longer than 100 m. Moreover, our
investigation of the trial sites found that more than 97% of the plots have a border length
of over 60 m, with some even being more than 200 m. Therefore, under the conditions of
traditional border irrigation, optimizing border irrigation and reducing irrigation water
usage is essential to the sustainable development of wheat agriculture.
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Nitrogen is one of the main nutrients for the growth and development of wheat
plants [8]. Soil moisture is an important factor that affects the absorption and utilization
of soil nitrogen by wheat, and increasing the availability of soil moisture in the root zone
can significantly increase plant nitrogen accumulation [9]. In one study, under condition of
195 kg-ha~! nitrogen application, treatment with a soil water content of 70% had the highest
plant nitrogen accumulation at anthesis, and the grain nitrogen accumulation at maturity
was 4.09 kg-ha~! higher than that under the treatment with 60% soil water content [10].
However, water stress significantly reduces the absorption of nitrogen by plants, and
insufficient nitrogen reduces the chlorophyll content in leaves and the accumulation of
photosynthetic products [11]. In another study, the plant nitrogen accumulation at anthesis,
net photosynthetic rate in flag leaves after anthesis, and grain yield under supplemental
irrigation at jointing and anthesis were 45.8%, 24%, and 8.86% higher, respectively, than
those under supplemental irrigation at anthesis only [12]. Many studies of the effect of
soil moisture and irrigation period on plant nitrogen accumulation have been conducted;
however, information on the characteristics of grain nitrogen accumulation and the activity
of nitrogen metabolic enzymes in flag leaves, especially under irrigation with different
border lengths, is limited.

During crop growth, nitrate leached from root soil is rarely absorbed by crops, which
may lead to fertilizer waste and even groundwater pollution [13]. The leaching loss of
soil nitrate nitrogen is closely related to irrigation [14]. Increasing 60 mm irrigation water
leads to nitrate nitrogen moving downward by 30 cm [15]. Studies have shown that,
although irrigation increases the risk of nitrate leaching, proper irrigation can increase soil
nitrogen uptake by plants, thereby preventing increases in nitrate nitrogen residue [16].
One study showed that, compared with that under 60 mm irrigation, nitrogen accumulation
in wheat plants under 120 mm irrigation increased by 21.88%, and soil nitrate nitrogen
residue showed no significant difference. However, when the irrigation amount was
increased to 150 mm, soil nitrate nitrogen residue increased significantly, but plant nitrogen
accumulation did not [17]. This is similar to the results obtained by Li et al. [18]. The
HPC is the primary planting area of winter wheat-summer maize rotation system in
China. Due to the shallow root layer of summer maize and heavy rainfall in summer,
residual nitrate nitrogen after wheat harvesting cannot be absorbed and utilized, resulting
in resource waste and environmental pollution [19]. Ju et al. [20] found that the residual
nitrate nitrogen in the 90-180 cm soil layer after maize harvest reached 213-242 kg-ha~1.
Therefore, optimizing irrigation and reducing nitrogen leaching in the wheat growing
season is of great significance for high-yield and efficient cultivation of crops in this region.

In this study, irrigation of different border lengths was set under field conditions,
and plant nitrogen accumulation, flag leaf nitrogen metabolizing enzyme activities, grain
nitrogen accumulation, and soil inorganic nitrogen residues were measured. The purpose
of this study was to (1) evaluate the effects of different border irrigation on plant nitrogen
accumulation and transport and grain nitrogen accumulation characteristics, (2) compare
the differences in soil nitrate nitrogen residue under different border irrigation, and (3)
determine the best border irrigation length with high yield and high water and nitrogen
utilization.

2. Materials and Methods
2.1. Experimental Site

The field experiment was carried out at the experimental station of Shijiawangzi
Village, Yanzhou, Shandong Province, China (Figure 1), which experiences a warm temper-
ature continental climate. The soil in the region is classified as loam and composed of 29.6%
clay, 37.3% silt, and 33.1% sand. The altitude of the experimental site is 49 m, the slope is
1%, and the slope is southeast. Table 1 shows the nutrient content in the 0-20 cm soil layer,
and Figure 2 shows the precipitation and temperature at different months of wheat growth
during this experiment.
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Figure 1. The experimental site location map.
Table 1. The nutrient content in the 0-20 cm soil layer before sowing.
Growing Season
Items
2017-2018 2018-2019
Soil organic matter(g kg 1) 14.31 14.24
Total nitrogen (g kgfl) 1.17 1.09
Available nitrogen (mg-kg™!) 118.82 117.32
Available phosphorus (mg-kg 1) 39.29 36.71
Available potassium (mg-kgfl) 116.37 122.18
pH 7.6 7.5
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Figure 2. Precipitation and temperature during wheat growth period in 2017-2019 and the average
value during 2010-2019.
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2.2. Experimental Design and Crop Management

During the wheat growing seasons from 2017 to 2019, irrigation fields with different
border lengths were set up (border width, 2 m): 20 m (L20), 30 m (L30), and 40 m (L40)
in 2017-2018 and 30 m (L30), 40 m (L40), and 50 m (L50) in 2018-2019. A control field
that received no irrigation (RF) was set up in each growing season. The treatments were
randomly grouped, and each treatment had three replicates. A 2 m wide guard row was
used to minimize the effects of water permeating between two adjacent irrigation plots.
Except for the RF treatment, other treatments were supplemented at the jointing and
anthesis stages according to the inflow cut-off of 90% (i.e., irrigation was stopped when
the water reached 90% of the border length) [21], and the actual irrigation amount was
recorded by water meter. The water output of the well at the experiment site was 30 m3 h~!,
and the amounts of irrigation in the two growing seasons are shown in Figure 3.

180 180
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160 - e Jomtmg_ 160 - [ Anthesis
[ Anthesis
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’g 120 120
g 100 100 -
g
S 80 80 b
8
o
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Figure 3. The irrigation amount at jointing and anthesis stages in 2017-2018 and 2018-2019. L.20, L30,
L40, and L50: irrigation with border length of 20, 30, 40, and 50 m, respectively.

The high-yield wheat variety ‘Jimai 22’, which is the most widely cultivated commer-
cial variety in the HPC, was used in this experiment. At the sowing stage, 105 kg-ha=! N
(urea, 46% N), 150 kg-ha~! P (superphosphate, 17% P,Os), and 150 kg-ha~! K (potassium
chloride, 60% K,0) were applied as basal fertilizers, and topdressing of 135 kg-ha=! N
(urea, 46% N) was applied at the jointing stage. The wheat was sown on 20 October 2017,
and 8 October 2018, with planting densities of 270 plants m~2 and 180 plants m 2, respec-
tively, and harvested on 7 June 2018, and 12 June 2019, respectively. No pests or diseases
occurred during the test period.

2.3. Sampling Point

Each border length was divided into intervals of 10 m, and samples taken from the
centre of each interval. The test results are the measured values of the mixed samples at
each sampling point under each treatment.

2.4. Nitrogen Accumulation and Transport

Thirty samples were randomly collected at each sampling point at anthesis and matu-
rity. Samples were separated into stem, leaf, and spike at anthesis, and stem, leaf, spike
(spike axis and kernel husks), and grain at maturity. All plant samples were dried at 75 °C
to a constant weight to determine their biomass [22]. After crushing, the nitrogen content of
the plants was determined by the micro-Kjeldahl method. Nitrogen accumulation amount
was calculated as the product of dry matter accumulation and nitrogen concentration. Ni-
trogen translocation amount (NTA), nitrogen accumulation amount after anthesis (NAFA),
and contribution proportion (CP) were calculated as described by Liu et al. [23].
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2.5. Nitrogen Metabolizing Enzymes of Flag Leaf

After anthesis, 30 flag leaves were collected every 7 days, and the flag leaves were
frozen with liquid nitrogen and stored at —80 °C. The nitrate reductase (NR) activity and
glutamine synthetase (GS) activity were measured as previously described by Rehman
etal. [24].

2.6. Grain Nitrogen Accumulation Characteristics

Wheat spikes that flowered on the same day were tagged and 20 marked spikes per
point were harvested at 7-day intervals after anthesis. The samples were dried at 105 °C
for 10 min and then at 70 °C to constant weight, and then the kernels were carefully peeled
off the ears. Randomly counted 1000-grains (three times) with a counting board, and then
weighed. After crushing, the nitrogen content of the grains was determined by the micro
Kjeldahl method. In addition, the thousand-grain weight and the grain nitrogen content
were used to calculate the grain nitrogen accumulation. The grain nitrogen accumulation
process was assessed using the logistic growth equation [25]. In analysis, we adopted the
following secondary parameters to describe the grain nitrogen accumulation characteristics:
Vmax (the maximum accumulation rate), Vmean (the average accumulation rate), and D
(the active accumulation period).

2.7. Soil Inorganic Nitrogen

Soil samples were collected using a soil auger with 20 cm increments up to a depth of
200 cm before sowing and at maturity stage in all points. The nitrate nitrogen content and
ammonium nitrogen content were examined using an automated continuous flow analyzer
(AA3, Seal, Norderstedt, Germany). The residual and loss of soil inorganic nitrogen were
calculated according to the method described by Graham et al. [26].

NOR=H x D x NOC/10 1)
NHR =H x D x NHC/10 2)
INR = NOR + NHR ©)]

INL = INRS + NF — INRM — NAM 4)

where NOR is nitrate nitrogen residue (kg-ha~!); H is soil depth (cm); D is soil bulk density
(g-cm~3); NOC is nitrate nitrogen content (mg-kg~!); NHR is ammonium nitrogen residue
(kg~ha’1); NOC is ammonium nitrogen content (mg~kg’1); INR is inorganic nitrogen
residue (kg-ha~!); INL is inorganic nitrogen loss (kg-ha~!); INRS is inorganic nitrogen
residue before sowing(kg-ha~!); NF is nitrogen fertilizer (kg-ha—!); INRM is inorganic
nitrogen residue at maturity (kg-ha~!); and NAM is nitrogen accumulation of plant at
maturity (kg-ha=!).

2.8. Grain Yield and Nitrogen Utilization

Grain yield was determined from a 3 m? area from each field at maturity and reported
at a 12.5% wet basis through natural air-drying. The nitrogen utilization was calculated
according to the method described by Wu et al. [27].

NUPE = NAM/NF (5)
NHI = GNA/NAM (6)
NFP = GY/NF @)

where NUPE is nitrogen uptake efficiency (kg-kg~!); NAM is nitrogen accumulation of
plant at maturity (kg-ha~!); NF is nitrogen fertilizer (kg-ha~!); NHI is nitrogen harvest
index (%); GNA is grain nitrogen accumulation (kg~ha71) ; NFP is nitrogen fertilizer pro-
ductivity (kg-kg™!); and GY is grain yield (kg-ha™?).
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2.9. Statistical Analysis

SPSS Statistics 22.0 software (IBM, Armonk, NY, USA) was used to analyze the data
and the least significant difference test (o = 0.05) was used to compare differences between
different treatments. All charts were generated using SigmaPlot 12.0 (Systat Software Inc.,
San Jose, CA, USA).

3. Results
3.1. Nitrogen Accumulation of Vegetative Organs

Different border irrigation had a significant effect on the nitrogen accumulation of
vegetative organs during the anthesis, but had a small effect on the nitrogen accumulation
of vegetative organs during the maturity (Figure 4). Compared with the RF treatment, the
nitrogen accumulation in the stem and leaf of the irrigation treatment increased significantly
at anthesis, and first increased and then decreased with the increase in the border length,
both of which were the highest in the L40 treatment. In addition, there was no difference in
nitrogen accumulation in spike at anthesis. Except for the higher nitrogen accumulation in
leaf of the L50 treatment in 2018-2019, there was no significant difference in the nitrogen
accumulation of the vegetative organs under the irrigation treatment at maturity of the two
growing seasons.
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Figure 4. Nitrogen accumulation of vegetative organs in different treatments at anthesis and maturity.
RF: no irrigation. 120, L30, L40, and L50: irrigation with border length of 20, 30, 40, and 50 m,
respectively. Different letters on the bar indicate significant difference at 0.05 level.

3.2. Nitrogen Translocation and Accumulation after Anthesis

Compared with the irrigation treatment, the NAT, NAFA, and GNA of the RF treatment
were significantly reduced (Table 2). Border irrigation had significant effects on NTA, NAFA,
and GNA, which were significantly higher in L40 than in other treatments, but the CP of
NTA and NAFA to grains were not significant different among L40, L50, and L30 treatments.
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Moreover, stem and leaf are the main organs for nitrogen transport (Figure 5). The NTA in
stem and leaf were both highest in L40, followed by L50 and L30, and lowest in L20, while
the NTA in spike was no different among treatments. The higher NTA was the main reason
the GNA of L40 treatment was seen to be significantly higher than other treatments.

Table 2. Nitrogen accumulation and transportation after anthesis under different treatments.

NTA CP NAFA CP GNA

Year Treatment kg-ha 1 % kg-ha 1 % kg-ha 1
2017-2018 RF 118.47d 74.14a 41.33d 25.86¢ 159.80d
L20 133.43¢ 74.69a 45.21c 25.31b 178.64c

L30 144.14b 72.63b 54.31b 27.37a 198.46b

L40 157.89a 72.83b 58.91a 27.17a 216.81a

2018-2019 RF 130.69¢ 74.41a 44.95¢ 25.59b 175.64c
L30 154.24b 73.40b 55.90b 26.60a 210.14b

L40 168.21a 73.55b 60.49a 26.45a 228.70a

L50 156.99b 73.28b 57.24b 26.72a 214.23b

NTA, Nitrogen translocation amount; NAFA, nitrogen accumulation amount after anthesis; CP, contribution
proportion; GNA, grain nitrogen accumulation. Different letters indicate significant statistical differences between
treatments (p < 0.05). RF: no irrigation. L20, L30, L40, and L50: irrigation with border length of 20, 30, 40, and
50 m, respectively.

2017-2018 2018-2019

50

5213 5o 5257 50

157.89 L 155.99

Figure 5. The nitrogen translocation (kg-ha~1) after anthesis from vegetative organs to grain under
different treatments in 2017-2018 and 2018-2019. In the figure, four treatments correspond to four
colors, and the width of each color represents the nitrogen translocation amount. RF: no irrigation.
L20, L30, L40, and L50: irrigation with border length of 20, 30, 40, 50 m.

3.3. Nitrogen Metabolizing Enzymes

The NR and GS activities of flag leaves of each treatment gradually decreased after
anthesis, and the RF treatment was significantly lower than other treatments (Figure 6).
Compared with L40 and L50 treatments, L20 and L30 treatments significantly reduced NR
and GS activities in flag leaves from 14 to 28 DAA, while there was no significant difference
between L40 and L50 treatments.
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Figure 6. The NR activity and GS activity after anthesis under different treatments. ns, no significant.
*, ** significant at the 0.05 and 0.01 probability levels, respectively. RF: no irrigation. L20, L30, L40,
and L50: irrigation with border length of 20, 30, 40, and 50 m, respectively.

3.4. Grain Nitrogen Accumulation Characteristics

After anthesis, the nitrogen accumulation of 1000-grain gradually increased with the
filling process, and reached the highest value at 35 DAA (Figure 7). Border irrigation
had a significant effect on grain nitrogen accumulation, L40 treatment was significantly
higher than other treatments from 21 to 35 DAA, followed by L50 and L30 treatments, and
L20 treatment was the lowest. The grain nitrogen filling fitting equations and parameters
of each treatment are shown in Table 3. Irrigation treatment significantly increased the
nitrogen accumulation rate in grains. Both Vmax and Vmean were highest in L40 treatment,
followed by L50 and L30, and L20 treatment was lower. There was no significant difference
between D for each treatments. Therefore, the higher nitrogen accumulation rate after
anthesis in L40 treatment was another factor for the higher nitrogen accumulation of grain
at maturity.
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Figure 7. The nitrogen accumulation of 1000-grain after anthesis under different treatments. ns, no
significant. ** significant at the 0.01 probability levels, respectively. RF: no irrigation. L20, L30, L40,
and L50: irrigation with border length of 20, 30, 40, and 50 m.

Table 3. Nitrogen accumulation characteristics of grains after anthesis under different treatments.

Fitting Equation of Vmax Vmean D
Year Treatment Grain Nitrogen R? - 1
Accumulation mg grain mg grain—1 d d
2017 RF 0.856/(1 + 28.86e~0-1989x) 0.997 0.0425d 0.0208d 30.16a
L20 0.915/(1 + 23.21e~0:1962x) 0.998 0.0448¢ 0.0226¢ 30.58a
L30 1.015/(1 + 23.21e~0-1953x) 0.996 0.0496b 0.0250b 30.73a
L40 1.090/(1 + 21.21e~01907x) 0.997 0.0520a 0.0265a 31.45a
2018 RF 1.038/(1 + 30.07e~0-1793x) 0.998 0.0465¢ 0.0220c 33.47a
L30 1.131/(1 + 25.57e0-1783x) 0.994 0.0504b 0.0245b 33.65a
L40 1.204/(1 + 21.84e~01757x) 0.996 0.0529a 0.0263a 34.15a
L50 1.151/(1 + 21.53e~01739x) 0.995 0.5001b 0.0249b 34.48a

Vmax, the maximum accumulation rate; Vmean, the average accumulation rate; D, the active accumulation period.
Different letters indicate significant statistical differences between treatments (p < 0.05). RF: no irrigation. L20,
L30, L40, and L50: irrigation with border length of 20, 30, 40, and 50 m.

3.5. Soil Nitrate Nitrogen

The residue of soil nitrate nitrogen in 0-200 cm soil layer at maturity of all treatments
were first decreased and then increased in the increase in soil layer, and border irrigation
had a significant effect on the soil nitrate nitrogen residue (Figure 8). The soil nitrate
nitrogen residue in 0-60 cm soil layer of RF was significantly higher than other treatments,
and the nitrate nitrogen residue was significantly reduced with the increase in border
length. Compared with other treatments, L40 and L50 treatments significantly reduced
the residual nitrate nitrogen in the 60-120 cm soil layer. However, due to more irrigation,
the nitrate nitrogen residue in deep soil (120-180 cm) of L50 treatment was higher, and
the difference between L40 and L30 was not significant, but slightly increased compared
with L20.
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Figure 8. The accumulation of nitrate nitrogen (kg-ha=1!) in the 0-200 cm soil layer at maturity under
different treatments in 2017-2018 (A) and 2018-2019 (B). RF: no irrigation. L20, L30, L40, and L50:
irrigation with border length of 20, 30, 40, and 50 m, respectively.

3.6. Direction and Proportion of Soil Inorganic Nitrogen

The direction of soil inorganic nitrogen can be divided into three parts: plant ab-
sorption, soil residue, and loss (Figure 9). Border irrigation had a significant impact on
plant absorption and soil residue, but has a small effect on soil inorganic nitrogen loss.
Therefore, there was no significant difference in the proportion of soil inorganic nitrogen
loss in each treatment. With the increase in border length, the proportion of plant uptake
increased first and then decreased, with L40 treatment being the highest, followed by L30
and L50, and L20 treatment being lower. However, soil residue was opposite to the law of
plant absorption. With the increase in furrow length, soil residue first decreased and then
increased, and L40 treatment was the lowest.

0 25 50 75 100 0 25 50 75 100
Plants accumulate (%) Plants accumulate (%)
Figure 9. The fate and proportion of soil inorganic nitrogen under different treatments in 2017-2018

(left) and 2018-2019 (right). RF: no irrigation. L20, L30, L40, and L50: irrigation with border length
of 20, 30, 40, and 50 m.
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3.7. Grain Yield, Nitrogen Utilization, and Water Productivity

Compared with irrigation treatment, RF significantly reduced grain yield, nitrogen
utilization, and water productivity (Table 4). There was no significant difference in grain
yield and NFP between L40 and L50, and both were significantly higher than L30 and L20
treatments. Both NUPE, NHI, and WP were significantly higher than other treatments in
L40 treatment, followed by L30 and L50, and L20 was lower.

Table 4. Grain yield, nitrogen utilization, and water productivity under different treatments.

GY NUPE NFP NHI WP
Year Treatment kg-ha 1 kgkg 1 kg kg1 % kg-ha-T-mm-1
2017-2018 RF 5264.18d 0.93d 21.93d 71.50c 16.62d
L20 7298.93¢ 1.02¢ 30.41c 72.86¢ 17.76¢
L30 7656.92b 1.09b 31.90b 75.87b 18.41b
L40 7994.25a 1.17a 33.31a 77.25a 19.17a
2018-2019 RF 5774.47¢c 1.02¢ 24.06¢ 71.44c 14.68c
L30 8246.76b 1.19b 34.36b 73.82b 17.20b
L40 8762.44a 1.27a 36.51a 75.13a 18.05a
L50 8689.07a 1.22b 36.20a 72.96b 17.36b

GY, grain yield; NUPE, nitrogen uptake efficiency; NFP, nitrogen fertilizer productivity; NHI, nitrogen harvest
index; WP, water productivity. The lowercase letters indicate statistical differences between the treatments
(p <0.05).

3.8. The Correlation Analysis

Figure 10 shows the correlation analysis of grain yield, plant nitrogen uptake, utiliza-
tion indexes, and soil nitrate nitrogen residue. The grain yield, GNA, NUPE, and NFP
were significantly positively correlated with NTA, NAA, and nitrogen metabolism enzyme
(NR, GS) activity, as well as grain nitrogen filling rate (Vmax, Vmean), while significantly
negatively correlated with soil nitrate nitrogen residue. These results indicated that suitable
border irrigation can increase the uptake and utilization of soil nitrogen by plants, reduce
soil inorganic nitrogen residues, and increase nitrogen utilization efficiency.
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Figure 10. Correlation analysis of grain yield and related indexes of plant absorption and utilization.
GY, grain yield; GNA, grain nitrogen accumulation; NUPE, nitrogen uptake efficiency; NFP, nitrogen
fertilizer productivity; NHI, nitrogen harvest index; NTA, nitrogen translocation amount; NAFA,
nitrogen accumulation amount after anthesis; SR, soil nitrate nitrogen residue; NR, nitrate reductase;

Vmean

N\
\

1.0

GS, glutamine synthetase; Vmax, the maximum accumulation rate; Vmean, the average accumulation
rate; D, the active accumulation period. *, ** significant at the 0.05 and 0.01 probability levels,
respectively.
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4. Discussion

The availability of nitrogen largely depends on the soil moisture: insufficient or
excessive moisture will reduce plant nitrogen accumulation [28]. In the present study, at
the anthesis stage, nitrogen accumulation under L40 irrigation was significantly higher
than that under irrigation of other border lengths (Figure 4). Compared with the L40
treatment, the L20 and L30 treatments had lower irrigation water volume, and the water
stress before anthesis may have reduced the plant’s absorption of soil nitrogen. These
findings are consistent with the conclusions of Ashraf et al. [29] that water stress limits the
growth and development of crops and significantly reduces the accumulation of carbon
and nitrogen in plants. The reason why the plant nitrogen accumulation under L50 with
more irrigation was significantly lower than that under L40 treatment may be that higher
irrigation water volume retards the death of unproductive tillers after jointing, resulting
in the waste of water and nitrogen [30]. The nitrogen in the grain mainly comes from the
transportation of nitrogen in the vegetative organs before anthesis [31]. Research by Mon
et al. [32] found that increasing irrigation would reduce the transportation in vegetative
organs and increases the accumulation of nitrogen in plants after anthesis. Similarly, we
found that the L30, L40, and L50 treatments with higher irrigation than the RF and L20
treatments reduced the contribution of the NTA to the grains, while the contribution of
NAFA to grains increased (Table 2). However, due to the high nitrogen accumulation under
L40 treatment at anthesis, although the proportion of transport contribution decreased, the
transport amount was significantly higher than that under irrigation of other treatments,
which resulted in a significant increase in nitrogen accumulation in the grain at maturity.

NR and GS are the key enzymes of plant nitrogen metabolism [33]. NR can reduce
nitrate to nitrite, which is the rate-limiting enzyme in the process of nitrate assimilation; GS
is an enzyme necessary for plant ammonia assimilation, and its activity is an important
physiological index for measuring the level of plant nitrogen assimilation [34]. Studies
have shown that drought after anthesis will reduce the activities of NR and GS and inhibit
nitrogen assimilation in plants [35]. In this study, the activities of NR and Gs in flag leaves
under L40 and L50 treatments were significantly higher than those under L20 and L30
treatments in the middle and late anthesis periods (Figure 6), which was caused by their
sufficient water supply [36]. However, the activities of NR and GS under L50 treatment
did not increase relative to that under L40 treatment, which may be due to increased
intra-population competition and decreased nitrogen assimilation in single stems [37].

Grain nitrogen content is one of the important indicators for evaluating wheat grain
quality [38], but there is limited information on the characteristics of nitrogen accumulation
in wheat grains. In the present study, we measured the accumulation of the 1000-grain
nitrogen after anthesis, and fitted the grain nitrogen filling parameters to the logistic
growth equation. We found that, compared with irrigation of other border lengths, L40
treatment promoted significantly higher grain nitrogen accumulation by increasing the
grain nitrogen accumulation rates (Vmax and Vmean; Figure 7, Table 3). The low rate of
nitrogen accumulation in grains under L20 and L30 treatments may be due to low nitrogen
transport in vegetative organs, and to water stress, resulting in premature leaf senescence
and reduced nitrogen accumulation in plants after anthesis [12]. Compared with that under
L40 treatment, the decrease in the grain nitrogen accumulation under L50 treatment was
mainly due to excessive irrigation, which caused the plants to retain nitrogen in stems
and leaves and mature late; high temperatures in the later growth stage led to their rapid
maturity, and the nitrogen accumulation in the stems and leaves was not transferred to the
grains [39]. This finding indicates that optimal irrigation might coordinate the source-sink
relationship and increase grain nitrogen accumulation.

The large amount of residual nitrate nitrogen in farmland is related to the long-term
large-scale fertilization and the pursuit of high yield [40]. Nonetheless, over-irrigation is
also an important factor that causes high nitrate nitrogen residue [41]. Studies have shown
that proper irrigation can stimulate the root system to grow deep into the soil, maintain
root vitality, and increase the plant’s absorption of soil nitrogen after anthesis [42]. In
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this study, compared with the L40 treatment, the water-stressed L20 and L30 treatments
reduced plant nitrogen uptake, and the nitrate nitrogen residue in the 20-100 c¢m soil layer
was higher. In contrast, L50 irrigation resulted in more nitrate nitrogen leaching into deep
soil (120-180 cm) and significantly increased nitrate nitrogen residue (Figure 8). This result
agrees with those of earlier studies by Liu et al. [43], who found that high irrigation not
only leads to the leaching of soil nitrogen, but also results in shallow root distribution,
thereby reducing the uptake and utilization of deep soil nitrogen. These results show that
proper border irrigation can increase nitrogen absorption by plants and reduce residual
nitrate nitrogen.

Research conducted by Wang et al. [44] in the HPC showed that in different wheat
growing seasons, the irrigation amount is 50-172 mm, and the average irrigation amount
is 101.8 mm, enough to ensure high wheat yield. However, many farmers in this area
irrigate three to six times during the wheat growth period, which greatly increases the
risk of nitrogen leaching, and over-irrigation leads to a decrease in water and nitrogen use
efficiency [45]. Wang et al. [46] found that increasing irrigation to 70 mm increases ammo-
nia volatilization and nitrogen denitrification loss and reduces nitrogen use efficiency by
2.0 kg-kg~!. Moderate irrigation promotes both high yield and water and nitrogen utiliza-
tion. Compared with 60 mm irrigation, 120 mm irrigation treatment increases grain yield,
water productivity, and nitrogen fertilizer productivity by 1408 kg-ha~!,2.8 kg-ha=!-mm~1,
and 7.6 kg-kg 1, respectively [17]. In this study, compared with the parameter values under
L20 and L30 treatments, grain yield, nitrogen uptake efficiency, nitrogen harvest index,
nitrogen fertilizer productivity, and water productivity were significantly increased under
L40 irrigation (Table 4). No significant difference in grain yield between L40 and L50
treatments was observed, but the high irrigation volume of L50 treatment resulted in an
increase in total water consumption and residual nitrate nitrogen, and water and nitrogen
utilization was significantly lower than that under L40 treatment. In summary, irrigation
with a border length of 40 m can effectively increase the utilization of water and nitrogen
and maintain high grain yield. This study provides farmers with a low-cost, easy-to-operate
irrigation method to improve water and nitrogen utilization, which is significant for the
alleviation of decline and pollution of groundwater in HPC.

5. Conclusions

Compared with other treatments, irrigation with 40 m border length significantly
improves the absorption and transport of nitrogen by wheat, and optimizes grain yield
and water and nitrogen use efficiency were both the highest. The GNA, NUPE, and
NFT were significantly positively correlated with NTA and NAA, while significantly
negatively correlated with soil nitrate nitrogen residue. It shown that optimized border
irrigation mainly improves nitrogen utilization by improving plant nitrogen absorption and
transportation and reducing soil residues. Optimized border irrigation can reduce water
input and increase nitrogen utilization, which is of great significance to the sustainable
development of wheat agriculture.
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