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Abstract: Reducing the nitrogen (N) application rate and improving water-use efficiency (WUE) are
extremely important for sustainable agricultural development in wheat—maize rotation systems in
the North China Plain (NCP). We conducted a three-year experiment to investigate the effects of the
N application rate on the water-use characteristics of wheat-maize rotation systems in the NCP. The
experiment consisted of four N application rates: 250, 167, 84, and 0 kg hm~2, denoted by N3, N2,
N1, and NO, respectively. The results showed the following: For the 0-60 cm soil layer, N deficiency
could lead to reduced soil water use (SWU) in wheat seasons, but in maize seasons, N deficiency
showed no significant effects on SWU in the 0-60 cm layer. For the 60-140 cm soil layer, N deficiency
could lead to reduced SWU in wheat seasons, but in maize seasons, the effects of N deficiency on
SWU in the 60-140 cm layer varied with the SWC in the 0-60 cm layer. Throughout the three-year
experiment, the evapotranspiration (ET), leaf area index (LAI), yield, and WUE of plants receiving low
N treatments decreased with the growing season due to the negative effects of low N treatment (N1
and NO) on the soil. The LAI, total ET, grain yield, and WUE were all positively correlated with each
other for both wheat and maize. Considering grain yield and WUE, a single-season N application
rate of 167 kg hm~2 (N2 treatment) in the NCP could meet the growth needs of the wheat-maize
rotation system.

Keywords: nitrogen application rate; soil water content; water-use efficiency; grain yield

1. Introduction

The wheat-maize rotation is the primary agricultural production system that is exten-
sively planted in the North China Plain (NCP). In 2021, wheat and maize production in the
NCP accounted for 71.6% and 28.0% of the total national wheat and maize production [1],
respectively, which played an important role in ensuring China’s national food security.

However, water scarcity and the inefficient utilization of water and nitrogen (N)
have also been a long-standing problem in the NPC. Precipitation in the NPC is very
unevenly distributed within the year, and the wheat season is relatively dry with little
precipitation, which is far from able to satisfy the growth and development needs of
wheat, while in maize season, due to the spatial variations in rainfall, irrigation is also
usually needed to compensate for untimely and inadequate precipitation. Large amounts
of irrigation have led to the increasing depletion of groundwater resources in the NPC,
with groundwater levels declining at a rate of 0.5-1.0 m per year, which has caused many
serious environmental and ecological problems in the region [2], and has forced the region
to continually improve the crop water-use efficiency (WUE) to achieve the sustainable use
of water resources.

N is an essential nutrient for crop growth and development and is usually taken up
from the soil through roots and then transferred to shoots and grains [3-5]. Fertilizer N
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inputs are the main source of crop N demand in food production for nearly half the world’s
population [6,7], contributing to 45-50% of current global food production [8]. Chinese
agricultural producers, influenced by traditional concepts, have been over-applying N for a
long time to ensure stable and high yields, and China is now the world’s largest consumer
of N from fertilizers, using about 11.9 million tons of fertilizer N in wheat and maize
production in 2018 [9]. However, excessive N application not only fails to improve crop
yields but also leads to environmental problems, such as water and air quality, biological
diversity, and the human hazards of nitrate [10-12]; in addition, the low efficiency of N
fertilizer and large doses of N also lead to large economic outlays and, often, low farm
profits. Moreover, N management in crop production varies with the soil, climatic, and
management factors [3,13].

Different N application rates cause changes in the water-use characteristics of crops.
First, different N application rates affect the growth of the crop, such as the development of
leaves [14-16], which are the main transpiration organ in the crop, and this indirectly affects
the water-use characteristics of the crop. Second, changes in the N application rate also
cause changes in the crop root system [17-19], which is the main water-absorbing organ of
the crop, and this indirectly affects the crop’s utilization of soil water [17,20]. At the same
time, moderate increases in N application can increase water use and WUE [21-23], whereas
when the N application rate exceeds a certain value, further increases in N application do
not increase crop water use [24-26].

Thus, studying the water-use characteristics of a wheat-maize rotation system under
different N application rates is of great significance for the rational utilization of water
resources in the NCP. This three-year experiment investigated the effects of four N applica-
tion rates on leaf area index, soil water content, evapotranspiration, yield, and WUE. The
purpose of this study was to investigate the similarities and differences in the water-use
characteristics of wheat and maize under different N application rates, and to provide suit-
able N application rates for wheat-maize rotation systems under drip irrigation conditions
in the NPC.

2. Materials and Methods
2.1. Experimental Site Description

The three-year field experiment began with maize sowing in June 2018 and ended
with wheat harvest in June 2021. The experiment was conducted at Qiliying Experimental
Station (35.32° N, 113.83° E, and 73 m altitude), located in Qiliying town, Xinxiang City,
Henan Province, China. An automatic meteorological station was set up in the experimental
station. The average annual precipitation is 582 mm (about 70% occurs in June—October);
the average annual air temperature, sunshine duration, and potential evaporation are
14.2 °C, 2286 h, and 2000 mm, respectively. The soil texture is light sandy loam soil,
classified as Fluvic Cambisol soil according to the World Reference Base; other main soil
physical properties were investigated before the experiment and are presented in Table 1.
The water table at the station was detected more than 6 m below the soil surface.

Table 1. Main soil physical properties of experimental soil in 0-140 cm soil layer.

Soil Depth (cm) Percentage of Particle Content (%) Bulk Density  Field Capacity Saturated Water
(0-0.002 mm) (0.002-0.02 mm)  (0.02-2 mm) (g cm—3) (cm® cm—3) Content (cm® cm—3)

0-20 6.83 50.63 42.54 1.53 33.80% 41.23%

20-40 6.43 39.53 54.04 1.61 33.26% 41.25%

40-60 6.31 38.40 55.29 1.56 31.87% 41.12%

60-80 6.28 36.90 56.82 1.50 30.67% 43.52%
80-100 5.66 38.98 55.36 1.46 29.45% 45.02%
100-120 5.97 32.78 61.25 1.41 27.36% 47.24%
120-140 3.43 30.20 66.37 1.41 27.89% 47.14%
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Soil nutrient contents before the experiment, i.e., before maize planting in 2018, are
shown in Table 2. The daily and accumulated precipitation values during the three-year
experiment period are shown in Figure 1, with accumulated precipitation of 309.2, 156.4,
and 513.0 mm for the 2018, 2019, and 2020 maize seasons, respectively, and 195.0, 164.0,
and 228.0 mm for the 2018-2019, 2019-2020, and 2020-2021 wheat seasons, respectively.
The daily average air temperature at 2 m during the three-year experiment period is shown
in Figure 2.

Table 2. Soil nutrient content in the 0-140 cm soil layer.

Soil Depth Nitrate Nitrogen Am.m ontum Available Potassium Available Organic Matter

(cm) (mg kg 1) Nitrogen (mg kg 1) Phosphorus (%)

(mg kg~) (mg kg~ 1)

0-20 28.45 2.36 153.71 13.85 1.47
20-40 18.44 2.21 113.44 12.64 1.25
40-60 10.89 2.76 98.91 8.77 1.08
60-80 8.37 2.50 77.62 7.88 0.90
80-100 10.63 297 51.24 3.69 0.66

100-120 7.49 2.40 39.54 1.43 0.47
120-140 6.84 2.38 33.47 1.90 0.49
Average 13.02 2.51 81.13 717 0.90
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Figure 1. Daily and accumulated precipitation for three wheat-maize rotation periods.
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Figure 2. Daily average air temperature at 2 m for three wheat—maize rotation periods.

2.2. Experimental Design

The experiment consisted of four N application rates, i.e., 250, 167, 84, and 0 kg hm~2,
of N per growing season, referred to as N3, N2, N1, and NO, respectively. Urea (46.7% N)
was used as the N source, half of the N application rate was applied mechanically before
sowing, and the remaining N fertilizer was applied by drip irrigation at the reviving—jointing
stage for wheat and at the V6-VT stage for maize. The applications of phosphorus (P) and
potassium (K) were the same in wheat and maize seasons, and 64.8 kg hm~2 of P and
74.0 kg hm~2 of K were applied once before sowing. Crop residues were returned to the
field and rotary plowed during the experiment period.
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Three replicate plots were set up for each treatment; each plot was 7.6 m x 7.8 m. The
wheat variety was “Lunxuan 69” and the maize variety was “Denghai 618”. The wheat row
spacing was 20 cm and the seeding rate was 187.5 kg hm~2; the maize row spacing was
60 cm and planting density was 66,667 plants hm~2. The growth stages of wheat and maize
are shown in Tables 3 and 4, respectively, where the growth stages of maize are referenced
from Ritchie et al. (1997) [27]. The irrigation method was drip irrigation with drip tape
spacing of 60 cm.

Table 3. Date and days after sowing of different growth stages for wheat.

Growth Stage 2018-2019 2019-2020 2020-2021
Sowing 10 October (1) 12 October (1) 10 October (1)
Reviving 22 February (136) 25 February (137) 22 February (136)
Jointing 15 March (157) 15 March (156) 14 March (156)
Anthesis 23 April (196) 22 April (194) 25 April (198)
Maturity 3 June (237) 3 June (236) 3 June (237)

Table 4. Date and days after sowing of different growth stages for maize.

Growth Stage 2018 2019 2020
Sowing 14 June (1) 14 June (1) 9 June (1)
VE 20 June (7) 20 June (7) 14 June (7)
%) 7 July (24) 7 July (24) 2 July (25)
VT 7 August (55) 7 August (55) 2 August (56)
R3 9 September (88) 9 September (88) 6 September (91)
R6 3 October (112) 3 October (112) 30 September (115)

In wheat seasons, each irrigation quota was 80 mm; the irrigation date was chosen
to be within three key growth stages, i.e., the reviving—jointing, jointing—anthesis, and
filling—maturity stages (Table 5). To ensure the emergence of wheat, all treatments were
irrigated with 60 mm of emergence water after sowing. In maize seasons, due to the high
variability in precipitation, irrigation dates and the irrigation amount were applied based
on precipitation and SWC status. On 26 July 2018, only 10 mm of fertilized water was
irrigated; on 14 July, 25 July (fertilization date), and 29 August 2019, 60 mm, 40 mm, and
40 mm of water were irrigated, respectively; on 28 July 2020, only 10 mm of fertilized water
was irrigated. Irrigation water was sourced from groundwater at a depth of 70 m, with
a mineralization of less than 1 g L™! and a pH between 7.2 and 7.9. Other agricultural
management activities were consistent with local farmers’ activities.

Table 5. Irrigation date and days after sowing in wheat seasons.

2019 2020 2021 Growth Stage
12 March (154) 9 March (150) / reviving—jointing
19 April (192) 19 April (191) 11 April (184) jointing—anthesis
15 May (218) 15 May (217) 14 May (217) filling-maturity

2.3. Sampling and Measurements
2.3.1. Soil Water Content and Evapotranspiration

Soil water contents (SWCs) in the 0-60, 60-100, and 100-140 cm layers were measured
at the critical growth stages of wheat and maize by gravity method. Two points were
selected for soil sampling in each plot; the two sampling points were located directly below
the drip tapes and in the middle of the two drip tapes, and each soil sample was measured
individually. All SWC data were converted to volumetric SWC (cm® cm~3) for analysis.
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The crop evapotranspiration (ET) (mm) was estimated using the water balance formula:
ET=P+1 — D+SWU (1)

where P is the effective precipitation (mm); I is the irrigated water depth (mm); D is the
deep percolation out in the 0-140 cm soil layers (mm); and SWU is the soil water use
amount in the 0-140 cm layers (mm).

In the 2020 maize season, 132.2 mm of precipitation fell on 2—4 July and 198.6 mm on
3-6 August. Considering the SWC before precipitation, both of these two large precipita-
tions could be followed by D; for other periods in wheat and maize seasons, considering
the SWC before precipitation, the D can be ignored.

2.3.2. Leaf Area Index

We selected wheat at the anthesis stage and maize at the VT stage, and sampled
ten plants from each plot to measure leaf length and maximum width. The leaf area
was calculated by summing the rectangular area (leaf length x maximum width) of each
completely developed leaf multiplied by a factor of 0.75. Leaf area index (LAI) is defined
as the ratio of leaf area to land area.

2.3.3. Grain Yield and Water-Use Efficiency

After maturity, 2 m? of wheat and 4 rows of 7 m of maize were randomly selected for
yield determination in the middle of each plot. The grain yield of wheat and maize was
calculated at 13% and 14% moisture content, respectively.

Water-use efficiency (WUE) (kg m~3) was calculated using the following formula:

GY
WUE = 0.1+ )

where GY is the grain yield (kg ha~!) and ET is the crop total evapotranspiration (mm).

2.3.4. Statistical Analysis

The data were statistically analyzed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA). For
Analysis of variance (ANOVA), the attributes from different treatments (mean values of
N treatments) were compared using the least significant difference (LSD) at the p < 0.05
level to determine significant differences between treatments. Correlation analysis was
performed using a Pearson’s correlation test (two-tailed) with two significance levels of
p <0.05 and p < 0.01.

3. Results
3.1. Leaf Area Index

For wheat, both the N application rate and growing season significantly affected the
LAIL the LAI of each treatment in 2018-2019, 2019-2020, and 2020-2021 ranged from 5.63
to 7.77, 4.38 to 7.35, and 3.71 to 7.56, respectively (Figure 3a). There was no significant
difference between the N3 and N2 treatments in three wheat seasons, but when the N
application rate did not exceed the N2 treatment, N application promoted an increase in
the LAIL The LAI of the N3 treatment was 38.0%, 67.8%, and 103.8% higher than that of the
NO treatment in 2018-2019, 2019-2020, and 2020-2021, respectively. The difference in the
LAI caused by different N application rates increased with the growing season.

For maize, the N application rate showed no significant effects on the LAI in 2018, but
showed significant effects on the LAl in 2019 and 2020. The LAI of each treatment in 2018,
2019, and 2020 ranged from 6.23 to 6.31, 6.23 to 6.31, and 6.23 to 6.31, respectively (Figure 3b).
The LAI of the N3 treatment increased by 0.2%, 52.3%, and 70.4% compared to the NO
treatment in 2018, 2019, and 2020, respectively. Similar to wheat seasons, the difference in
the LAI caused by different N application rates increased with the growing season.
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Figure 3. Leaf area index (LAI) for wheat and maize. (a,b) represent the LAI of wheat at the anthesis
and maize at the VT stage, respectively. Different letters in the figure mean significant differences at
the p < 0.05 probability level.

3.2. Soil Water Content
3.2.1. Soil Water Content in Wheat Seasons

The SWCs in the 0-60, 60-100, and 100-140 cm layers of three wheat seasons are shown
in Figure 4. Since the SWC observation dates were mostly conducted within 1-3 days before
and after irrigation, the SWC variation in the figure is large (Figure 4).

Soil Water Content in the 0-60 cm Layer

In 2018-2019 and 2018-2019, the SWC in the 0-60 cm layer was almost the same for
the N3, N2, and N1 treatments, while the SWC of the NO treatment was significantly higher
than the other three treatments after a certain period. In 2020-2021, the SWC of each
treatment showed NO > N1 > N2 after the reviving stage, and no significant difference
was observed between the N2 and N3 treatments. In three wheat seasons, for the SWC
in the 0-60 cm layer, the differences caused by the N application rate increased with the
growing season.

Soil Water Content in the 60-100 cm Layer

In 2018-2019, the SWC in the NO treatment was significantly higher than that in other
treatments on most of the dates after the reviving stage, and the SWC changes in the other
three treatments were similar. In 20192020 and 2020-2021, partially due to the influence
of the previous maize season’s experiments, the SWC showed NO > N1 > N2, and the
difference gradually increased, while there was no significant difference between the N2
and N3 treatments. Similar to the SWC in the 0-60 cm layer, the differences caused by the
N application rate increased with the growing season for the SWC in the 60-100 cm layer.

Soil Water Content in the 100-140 cm Layer

In 2018-2019 and 2019-2020, the SWC in the 100-140 cm layer after the reviving stage
was consistently low, with a range of 8-12%, resulting in little root uptake of soil water.
In 2020-2021, the initial SWC in the 100-140 cm layer was relatively high, but gradually
decreased over time. From about 201 days after sowing, the SWC showed NO > N1 > N2,
while no significant difference was detected between the N2 and N3 treatments.
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Figure 4. SWC in different layers in wheat seasons. (a—c) represent SWC in 0-60 cm layer in 2018-2019,
2019-2020, and 2020-2021 seasons, respectively; (d—f) represent SWC in 60-100 cm layer in 2018-2019,
2019-2020, and 2020-2021 seasons, respectively; (g-i) represent SWC in 100-140 cm layer in 2018-2019,
2019-2020, and 2020-2021 seasons, respectively.

3.2.2. Soil Water Content in Maize Seasons
Soil Water Content in the 0-60 cm Layer

In 2018, the SWC of each treatment on different dates was almost the same (Figure 5).
At the initial stage in 2019, influenced by the previous wheat season’s experiment, the
SWC of the NO treatment was significantly higher than that of the other three treatments;
however, the differences between treatments gradually disappeared over time. At the
initial stage in 2020, similar to 2019, the SWC of the NO treatment was also significantly
higher than that of the other three treatments; however, partially due to the large amount
of precipitation (130 mm) on days 28-31 after sowing, the difference also disappeared after
40 days after sowing. After 40 days after sowing, the changing trends in the SWC in each
treatment were almost the same.
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Figure 5. SWC in 0-60, 60-100, and 100-140 cm layers in maize seasons. (a—c) represent SWC
in 0-60 cm layer in 2018, 2019, and 2020, respectively; (d—f) represent SWC in 60-100 cm layer in
2018, 2019, and 2020, respectively; (g-i) represent SWC in 100-140 cm layer in 2018, 2019, and
2020, respectively.

Soil Water Content in the 60-100 cm Layer

In 2018, no significant difference was detected between treatments. In 2019, influenced
by the previous wheat season’s experiment, the initial SWC was NO > N1 > N2, and
no significant difference was detected between the N2 and N3 treatments; however, no
significant difference was detected in the soil water use (SWU) amount between treatments
at the VE—VT stage (1-55 days after sowing) in 2019. From 71 to 88 days after sowing,
except for the insignificant difference between the N3 and N2 treatments, a higher N
application rate led to a higher SWU amount. At the R3—R6 stage (88-112 days after
sowing) in 2019, all treatments showed a smaller downward trend and there was no
significant difference in the SWU amount between treatments. In 2020, influenced by the
previous wheat season’s experiment, the initial SWC also showed NO > N1 > N2, and there
was no significant difference between the N2 and N3 treatments. At the VE-V6 stage in
2020, the SWC increased substantially due to heavy precipitation, and the differences in
SWCs between treatments gradually decreased from 1 to 40 days after sowing. Overall,
except for the period from 71 to 88 days after sowing and the early period when the SWC
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was influenced by the previous season’s experiment, the effects of the N application rate on
the SWC were not significant in three maize seasons.

Soil Water Content in the 100-140 cm Layer

The SWC change trend in the 100-140 cm layer was almost the same as that in the
60-100 cm layer, but the change range was relatively small.

3.3. Evapotranspiration
3.3.1. Wheat Evapotranspiration

The total ET and ET at the jointing to anthesis and anthesis to maturity stages were
significantly affected by the growing season, N application rate, and their interaction
(Table 6). The N application rate showed no significant effect on ET at the sowing to jointing
stage in three wheat seasons. The total ET in the 2018-2019, 2019-2020, and 2020-2021
seasons ranged from 466.0 to 502.5, 406.2 to 452.9, and 396.8 to 508.8 mm, respectively, and
the differences in the total ET between treatments increased with the growing season.

Table 6. Total evapotranspiration and evapotranspiration (mm) at each growth stage in three
wheat seasons.

Growing Season N Application Rate Sowing to Jointing Jointing to Anthesis Anthesis to Maturity Total
2018-2019 N3 127.4 cd 142.5 ab 231.1a 501.0a
N2 123.3 cd 153.1a 226.1a 502.5a
N1 120.6 d 142.6 ab 230.8a 494.0 a
NO 122.5cd 128.9 be 214.6 ab 466.0b
2019-2020 N3 134.6 bed 119.7 cd 196.2 bc 450.4 bc
N2 136.7 bc 127.1 bc 189.1¢ 4529 be
N1 138.0 bc 116.5 cd 183.9 cd 4385 c
NO 123.4 cd 105.8d 177.0 cd 406.2d
2020-2021 N3 158.4 a 161.3 a 186.5 cd 506.2 a
N2 156.5 a 161.0 a 191.2¢ 508.8 a
N1 148.8 ab 143.9 ab 161.6 de 454.3 bc
NO 144.8 ab 110.2d 1418 e 396.8d
ANVOA N NS 0.000 0.000 0.000
(p-value) GS 0.000 0.000 0.000 0.000
N x GS NS 0.047 0.020 0.000

Note: Different letters in the same column mean significant differences at the p < 0.05 probability level; NS means
no significant difference; N means nitrogen application rate; GS means growing season; N x GS means the
interaction of N and GS.

3.3.2. Maize Evapotranspiration

In 2018, the total ET of each treatment ranged from 372.1 to 378.4 mm, and the N
application rate showed no significant effects on the total ET and ET at each growth stage
(Table 7). In 2019, the total ET of each treatment ranged from 363.9 to 380.6 mm. The N
application rate showed no significant effects on the total ET, but it showed significant
effects on ET at the VE—V6 and VT—R3 stages. At the VE—V6 stage in 2019, a higher N
application rate resulted in a smaller ET. However, at the VT —R3 stage, the ET showed
N2 > N1 > NO, and there was no significant difference between the N3 and N2 treatments.
In 2020, as mentioned in Section 2.3.1, ET at the V6—VT and VT —R3 stages was not calcu-
lated due to deep percolation caused by heavy precipitation. At the VE—V6 stage in 2020,
the ET of the NO treatment was significantly higher than that of the other three treatments.
At the R3—R6 stage in 2020, there was no significant difference in ET between treatments.
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Table 7. Total evapotranspiration and evapotranspiration (mm) at each growth stage in three
maize seasons.

Growing Season N application Rate VE-V6 V6—-VT VT-R3 R3—-R6 Total
2018 N3 56.8 bc 122.7 140.6 a 54.1 374.2
N2 50.6 ¢ 126.6 1472 a 47.8 372.1
N1 62.3 bc 126.8 137.6 a 51.7 378.4
NO 56.8 bc 128.2 140.6 a 48.7 374.3
2019 N3 579 bc 122.6 1439 a 50.8 375.2
N2 64.2 bc 116.9 1443 a 55.2 380.6
N1 67.8 abc 113.8 136.0 ab 50.1 367.7
NO 72.3 ab 122.6 118.9b 50.1 363.9
2020 N3 67.3 abc / / 46.1 /
N2 55.1 bc / / 46.7 /
N1 50.5¢ / / 40.0 /
NO 82.6a / / 48.0 /
ANVOA N 0.020 NS 0.037 NS NS
(p-value) GS NS NS NS NS NS
N x GS 0.027 NS 0.002 NS NS

Note: Different letters in the same column mean significant differences at the p < 0.05 probability level; NS means
no significant difference; N means nitrogen application rate; for total ET and ET at the V6—VT, VT-R3, R3—R6
stages, GS means the 2019 and 2020 growing seasons; for ET at the VE—V6 stage, GS means the 2019, 2020 and
2021 growing seasons; N x GS means the interaction of N and GS. “/” means no data.

3.4. Grain Yield and WUE

For wheat, grain yield and WUE were significantly affected by the growing season, N
application rate, and their interaction (Table 8). The grain yield in the 2018-2019, 2019-2020,
and 2020-2021 seasons ranged from 6803 to 9984, 6173 to 10,016, and 6118 to 9843 kg hm—2,
respectively, and WUE ranged from 1.46 to 1.99, 1.52 to 2.22, and 0.87 to 1.86 kg m~3,
respectively. Throughout the three wheat seasons, there was no significant difference
between the N3 and N2 treatments for grain yield and WUE. For the N2, N1, and NO
treatments, both grain yield and WUE showed N2 > N1 > NO, and the difference in grain
yield and WUE caused by different N application rates increased with the growing season.

Table 8. Grain yield and WUE of wheat for each treatment.

. s Grain Yield WUE
Growing Season N Application Rate (kg hm~2) (kg m~?)

2018-2019 N3 9984 a 1.99b
N2 9834 a 1.96 bc

N1 9051 be 1.83 ¢
NO 6803 d 1.46 de

2019-2020 N3 10,016 a 222a
N2 9708 ab 2.14 ab
N1 8469 c 1.93 be

NO 6173 d 1.52d

2020-2021 N3 9441 ab 1.86 ¢
N2 9327 ab 1.83 ¢

N1 6435 d 142e

NO 3462 e 0.87f

ANVOA N 0.000 0.000
(p-value) GS 0.000 0.000
N x GS 0.000 0.000

Note: Different letters in the same column mean significant differences at the p < 0.05 probability level. N means
nitrogen application rate; GS means growing season; N x GS means interactions of N and GS.
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For maize, grain yield and WUE were significantly affected by the growing season,
N application rate, and their interaction (the WUE for 2020 was not calculated due to
the failure to calculate ET for 2020) (Table 9). In 2018, the grain yield and WUE of each
treatment ranged from 9985 to 10,174 kg hm~2 and 2.58 to 2.73 kg m 3, respectively, with
no significant difference between treatments. In 2019 and 2020, grain yield ranged from
7511 to 10,364 and 6118 to 9843 kg hm 2, respectively. In 2019, when the N application rate
did not exceed N2 treatment, the WUE and grain yield increased with the increase in the N
application rate. Throughout the three maize seasons, the difference in grain yield caused
by different N application rates increased with the growing season.

Table 9. Grain yield and WUE of maize for each treatment.

Growing Season N Application Rate c(;lzglﬁnfiezlfl (k¥z€3)
2018 N3 10,069 ab 2.69 a
N2 10,174 a 2.73a
N1 9755 ab 2.58 ab
NO 9985 ab 2.67 a
2019 N3 10,236 a 2.73a
N2 10,364 a 2.72a
N1 9160 b 249b
NO 7511 ¢ 2.06 ¢
2020 N3 9843 ab /
N2 9837 ab /
N1 8128 ¢ /
NO 6118 d /
ANVOA N 0.000 0.005
(p-value) GS 0.000 0.026
N x GS 0.000 0.014

Note: Different letters in the same column mean significant differences at the p < 0.05 probability level; N means
nitrogen application rate; GS means 2018 and 2019 growing seasons; N x GS means interactions of N and GS.

3.5. Relationship between LAI, Total ET, Grain Yield, and WUE

A Pearson correlation analysis of the LAI total ET, grain yield, and WUE for this 3-year
experiment was performed (Table 10). The analysis showed that the Pearson correlation
coefficients for maize and wheat were relatively similar; the LAI total ET, grain yield, and
WUE were all positively correlated with each other for both maize and wheat.

Table 10. Pearson correlation coefficient between LA, total ET, grain yield, and WUE.

Variables LAI Total ET Grain Yield WUE
Wheat LAI 1
Total ET 0.856 ** 1
Grain yield 0.963 ** 0.752 ** 1
WUE 0.869 ** 0.546 0.961 ** 1
Maize LAI 1
Total ET 0.743 * 1
Grain yield 0.983 ** 0.631 1
WUE 0.859 ** 0.318 0.936 ** 1

Note: * means significant correlation at p < 0.05 probability level (two-tailed); ** means significant correlation at
p < 0.01 probability level (two-tailed); positive values indicate positive correlation between indicated variables.

For both wheat and maize, the Pearson correlation coefficient (r) of GY with yield and
total ET were all >0.9 (highly significant), the correlation coefficient of ET with WUE was
the smallest and not significant, and the LAI also showed good correlation with total ET
and WUE (0.7 < r < 0.9, significant). Overall, the correlation coefficients of total ET with
the other three indicators of maize were lower than those of wheat, which was mainly due
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to the fact that the N application rate in the 2018 and 2019 maize seasons did not have
significant effects on the total ET.

4. Discussion
4.1. LAI, Grain Yield, and WUE

It is widely recognized that moderate increases in the N application rate within a
certain range can promote growth and grain yield, while excessive N application rates
may also have negative effects on crop growth and grain yield [28-30]. In our study,
we found no significant difference in the LAI and yield between treatments for maize
in 2018, but the difference in the LAI and yield of wheat and maize caused by the N
application rate increased with the growing season. There are two main reasons for
this: (1) The soil N supply can meet the needs of crop growth in the first maize season,
and then in the subsequent growing seasons, as the low-nitrogen treatment depletes the
stored N in the soil, N begins to become a crop-limiting factor for growth. (2) Many
studies have demonstrated that N deficiency would also cause a decrease in a series of soil
physical, chemical, and biological indicators [31-34]. Chen et al. [31] conducted a 2-year
wheat-maize rotation experiment and found that reducing N application within a certain
range reduced soil dehydrogenase and urease activities, basic respiration and nitrification
potential, and slightly increased soil pH. Wang et al. [32] found that reducing N application
decreased the activity of soil autotrophic bacterial communities, leading to a decrease in
soil organic carbon. Zeng et al. [33] reported that N deficiency accelerates soil organic
carbon decomposition in temperate degraded grasslands. Lu et al. [34] reported that low N
reduced soil aggregation in terrestrial ecosystems in China.

Olson et al. [35] reported that if the inorganic N in the soil exceeds 120 kg hm~2, the
response of the wheat grain yield to the N application rate is very small. Li et al. [36]
conducted a 4-year wheat experiment and found that in the first growing season of wheat,
a nitrate N content of 138 kg hm~2 in a 0-100 cm soil profile was sufficient to maintain
wheat growth, while in the following three seasons, a low N treatment became inadequate
for crop growth. Liu et al. [37] found that N fertilizer had little effect on the yield of wheat
in the first season, but N fertilizer did promote crop growth in subsequent seasons (the
total N content of the soil in the 0-100 cm layer before the experiment was 0.69 g kg~ !). In
this experiment, the average value of soil nitrate N content in the 0-140 cm layer before
maize sowing in 2018 was 195 kg hm 2, which was able to satisfy the growth demand of
maize in 2018, so there was no significant difference in maize LAI in 2018. In subsequent
seasons, the difference in crop LAI caused by the N application rate gradually increased
both for wheat and maize.

With the main consideration of crop yield, the optimal N application rate for wheat and
maize in the NCP reported by many studies was in the range of 110-250 kg hm 2 [3,36,38—40].
Our study found that the yield and WUE increased with the increase in the N application
rate in the range of 0-167 kg hm 2 for wheat and maize seasons from 2020 to 2021. However,
when the N application rate increased from 167 to 250 kg hm 2, it had no significant effects
on yield and WUE. This indicates that the threshold of the N application rate for promoting
yield and WUE in this experiment may be 167 kg hm 2.

4.2. Soil Water Content
4.2.1. Soil Water Content in the 0-60 cm Layer

Many research reports indicated that wheat and maize root systems mainly absorb
soil water in the 0-60 cm layer [41-45], and considering the observations of the present
experiment, we divided the SWC into three layers: 0-60, 60-100, and 100-140 cm (Figure 4).

In three maize seasons, it was found that the SWU amount in the 0-60 cm layer
was mainly affected by its SWC; a higher SWC led to a higher SWU (Figure 5b,c). This
indicates that the SWC in the 0-60 cm layer in maize seasons is highly susceptible to
surface soil evaporation; within a certain SWC range, a decrease in root water uptake in the
0-60 cm layer is accompanied by an increase in soil evaporation, which compensates for
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the difference in the SWC caused by root uptake, resulting in the non-significant difference
in the SWC in the 0-60 cm layer.

In wheat seasons, the N application rate significantly affected the SWC in the 0-60 cm
layer (Figure 4a—c), contrary to the findings of the experiment in the maize seasons. There
are three main reasons for this: (1) Compared with the maize season, the wheat season has
lower solar radiation and air temperature, resulting in a weaker soil evaporation capacity.
(2) The mean values of the LAI of wheat and maize at the reproductive growth stage in
the three-year experiment were 7.2 and 6.3, respectively, whereas the maximum plant
heights of wheat and maize in the NCP were about 62 cm [46] in wheat and about 265 cm in
maize [47]. This indicates that compared to maize, the wheat canopy is more concentrated
on the surface, resulting in a much lower level of solar radiation and ventilation that
the surface soil can accept in the wheat season compared to the maize season, resulting
in weaker soil evaporation capacity in the wheat season. (3) The wheat season has less
precipitation, while the maize season has more precipitation, which causes the SWC in the
0-60 cm layer in the maize season to often be in a relatively high state, with soil evaporation
playing a dominant role, whereas in the wheat season, the SWC in the 0-60 cm layer is
relatively dry, with relatively low soil evaporation, and water absorption by the root system
plays a dominant role.

4.2.2. Soil Water Content in the 60-100 and 100-140 cm Layers

Many studies reported that the water uptake of maize root system was mainly in the
0-60 cm soil layer [42-44,48]. Our study showed a similar result, except for 71-88 days
after sowing (VT—R3 stage) in 2019 (Figure 5b,e,h), when the SWU of this period in the
60-100 cm and 100-140 cm layers increased rapidly compared to the preceding period.
Through the analysis of the SWC in this period, it was found that there was no input
of precipitation and irrigation in this period, and the SWC in the 0-60 cm layer in each
treatment was low (only about 0.15-0.17 cm 3 ecm™3) and continued to decline (Figure 5b).
At the same time, the SWU in the 60-100 and 100-140 cm layers in this period increased
rapidly compared to the previous period and a higher N application rate led to a higher
SWU, except for the fact that the SWC dynamics in the N4 and N3 treatments were similar
(Figure 5e,h). In other periods, SWU in the 60-100 and 100-140 cm layers was almost the
same (Figure 5d-i), except for 7-40 days after maize sowing in 2020 (Figure 5f,i), when the
SWC was influenced by heavy precipitation.

Based on the above analysis, we concluded that, due to the frequent precipitation in
maize seasons (the precipitation in the 2018 and 2019 maize seasons reached 309.2 mm and
512.9 mm, respectively), most of the time, the SWC in the 0-60 cm layer was sufficient to
provide most of the water uptake of maize root, so the root water uptake in the 60-100 and
100-140 cm layers was little; as a result, the N application rate showed no significant effects
on SWU in the 60-100 and 100-140 cm layers (Figure 5d,i). When the SWC in the 0-60 cm
layer was inadequate for maize (71-88 days after sowing in 2019), SWU in the 60-100 and
100-140 cm layers began to increase rapidly (Figure 5b,e,h). Since soil evaporation had
relatively small effects on the 60-100 and 100-140 cm layers, the soil water difference in
the 60-100 and 100-140 cm layers between treatments caused by the N application rate
increased rapidly (Figure 5e,h).

Lv et al. [49] reported that a water deficit in the surface layer could stimulate water
uptake in the 50-100 cm soil layer. Zhao et al. [50] reported that increasing the irrigation
amount directly increased the SWC in the 0-60 cm layer and indirectly reduced the water
use of wheat in the 60-140 cm soil layer. Xu et al. [51] found that limited irrigation enhanced
the uptake of soil-stored water from the subsoil layer. These reports support the findings
of our study. For maize in the R3—R6 stage in 2019, we also found that the SWC in the
0-60 cm layer was small, but the SWU in the 60-100 and 100-140 cm layers showed no
significant difference between treatments (Figure 5b). The main reason was that the daily ET
at the R3—R6 stage was low, making the root water uptake difference between treatments
relatively small at the R3—R6 stage.
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Throughout the three wheat seasons, the N application rate showed significant effects
on the SWC in the 60-100 and 100-140 cm layers (Figure 4d—i), which was different from
the results of maize seasons, when the N application rate had no significant effects on the
SWC in the 60-100 and 100-140 cm layers (Figure 5d-i), except at the VT—R3 stage in the
2019 maize season (Figure 5e,h). There are two main reasons for this: (1) as mentioned
above, the large precipitation and number of precipitation events during the maize seasons
resulted in the 0-60 cm soil layer tending to be in a state of high SWC, while the lower
precipitation during wheat seasons resulted in the 0-60 cm soil layer tending to be in a state
of low SWC, which resulted in the root water uptake in the 60-100 and 100-140 cm soil
layers tending to be in a high state in wheat seasons; (2) the root structures of wheat and
maize are different, and many studies have shown that within a certain soil depth range,
wheat roots have a smaller proportion in the upper soil layer compared to maize [52-54].

4.3. Evapotranspiration

Moderate increases in the N application rate can increase ET [21-23]. For wheat, after
the first two seasons of this experiment, there was no significant change in ET in the third
season when the N application rate exceeded the N2 treatment.

For maize, in 2018, no significant difference was detected in ET between treatments
due to the soil basic N being able to meet crop growth needs. In 2019 and 2020, we found
that the ET of the NO treatment at the VE—V6 stage was instead higher than that of the
other three treatments. As mentioned in Section 4.1, this is mainly due to the influence
of the previous wheat season’s experiments, which resulted in a higher SWC in the NO
treatment before maize sowing, leading to higher ET in the NO treatment. For other growth
stages in the 2019 maize season, the N application rate only showed significant effects on ET
at the VT —R3 stage. As mentioned in Section 4.1, this is mainly because the N application
rate had no significant effects on SWU in the 0-60 cm layer, but had significant effects on
SWU in the 60-100 and 100-140 cm layers at the VI —R3 stage. Overall, the N application
rate showed no significant effects on the total ET in the 2019 maize season; this is mainly
because SWU increased with the N application rate at the VE—V6 stage, but decreased
with the N application rate at the R3—R6 stage, resulting in no significant difference in the
total ET in the 2019 maize season.

5. Conclusions

(1) For the 0-60 cm soil layer, N deficiency could lead to reduced SWU in the 0-60 cm
layer in wheat seasons, but not in maize seasons.

(2)  For the 60-140 cm soil layer, N deficiency could lead to reduced SWU in the 60-140 cm
layer in wheat seasons, but in maize seasons, the effects of N deficiency on SWU in
the 60-140 cm layer varied with the SWC in the 0-60 cm layer. When the SWC in the
0-60 cm layer was high enough to meet the water needs of maize, SWU was mainly
concentrated in the 0-60 cm layer, resulting in the N application rate showing no
significant effects on SWU in the 60-140 cm layer in maize seasons; When the SWC in
the 0-60 cm layer was inadequate for maize, SWU in the 60-140 cm layer increased
rapidly, and N deficiency could significantly reduce the SWU in the 60-140 cm layer
in maize seasons.

(3) In the three-year experiment, due to the negative effects of low N treatment (N1 and
NO) on soil, the ET, LAI, yield, and WUE of the soil that received a low N treatment
decreased with the growing season.

(4) The LA total ET, grain yield, and WUE were all positively correlated with each other
for both maize and wheat.

(5)  Considering grain yield and WUE, a single-season N application rate of 167 kg hm 2 (N2
treatment) in the NCP can meet the growth needs of the wheat-maize rotation system.
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