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Abstract: We conducted a two-year field experiment on winter wheat (Triticum aestivum L.) from
2016–2018 to compare the effects of reducing nitrogen application rate in spring under three irrigation
methods on grain yield (GY), water and nitrogen use efficiency in the North China Plain (NCP).
Across the two years, GY of conventional irrigation (CI), micro-sprinkling irrigation (SI) and drip
irrigation (DI) decreased by 6.35%, 9.84% and 6.83%, respectively, in the reduced nitrogen application
rate (N45) than the recommended nitrogen application rate (N90). However, micro-irrigation (SI
and DI) significantly increased GY relative to CI under the same nitrogen application rate, and no
significant difference was observed in GY between SI and DI under N45, while SI obtained the highest
GY under N90. The difference among different treatments in GY was mainly due to the variation
in grain weight. The seasonal evapotranspiration (ET) in N45 was decreased more significantly
than N90, and there was no significantly difference in ET among different irrigation methods under
N45, but micro-irrigation significantly decreased the ET relative to CI under N90. Micro-irrigation
significantly improved water use efficiency (WUE) compared to CI at the same nitrogen application
rate. Under N45, compared with CI, WUE in SI and DI increased by 9.09% and 4.70%, respectively;
however, the WUE increased by 15.9% and 7.23%, respectively, under N90. Reducing nitrogen
application rate did not have a significant impact on WUE under CI, but it did have a substantial
negative impact on SI and DI. Nitrogen accumulation in wheat plants at maturity (NAM) in N45
deceased significantly compared with N90 under the same irrigation method. Compared with CI
under the same nitrogen application rate, micro-irrigation treatments significantly increased NAM,
while SI was the largest. In comparison to N90, under three irrigation methods, N45 significantly
increased nitrogen fertilizer use efficiency (NfUE). The highest NfUE was attained in SI, followed
by DI, while CI was the lowest. Moreover, N45 significantly decreased soil NO3

−-N accumulation
(SNC) in three irrigation methods, and micro-irrigation significantly decreased the SNC in deep soil
layers compared with CI when nitrogen is applied at the same level. Overall, micro-irrigation with
a reduced nitrogen application rate in spring can achieve a relatively higher production of winter
wheat while increasing the use efficiency of water and nitrogen and reducing soil NO3

−-N leaching
into deep soil layers in the NCP.

Keywords: winter wheat; micro-irrigation; grain yield; nitrogen reduction; water and nitrogen utilization

1. Introduction

North China Plain (NCP) is the main production base of winter wheat in China. The
planting area of winter wheat reached 1752.8 × 104 hm2 in the NCP, which accounts
for 71.5% and 79.7% of the national total planting area and output of winter wheat in
China, respectively [1]. Therefore, it is crucial to guarantee the long-term production
of winter wheat in this area. Although the annual precipitation is 500–950 mm in the
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NCP, it mainly concentrates in summer, and the lower precipitation during spring causes
drought disasters of winter wheat [2]. The total water consumption for winter wheat
production is 433 mm, 413 mm and 373 mm in dry, normal and wet years, respectively [3],
and the most generally recognized method of meeting the water requirements of wheat
cultivation in the NCP is irrigation. However, the extraction of groundwater for wheat
growth and development in the NCP is responsible for around 70% of the need for irrigated
water [4,5], and over-exploitation of groundwater had caused continuous ground settlement
over the past four decades [6,7], resulting in this region becoming one of the deepest
groundwater cones of depression on Earth [8]. Additionally, improper irrigation methods
have increased the groundwater resource consumption and reduced the nitrogen fertilizer
use efficiency (NfUE), leading to environmental degradation from water and nitrogen
loss [9,10]. Therefore, it is of great significance for the NCP to reduce the nitrogen input
and improve the water and nitrogen use efficiency of winter wheat.

Previous studies have reported that optimizing irrigation regimes to promote wheat
root growth into deep soil layers and increase water utilization in deep soil is an important
means to improve grain yield (GY) and water use efficiency (WUE) of winter wheat [11,12].
However, the unreasonable irrigation methods of wheat often reduce the water absorption
from deep soil layers, and the conventional surface irrigation readily causes water and
fertilizer to migrate out of the wheat’s main root zone, lowering WUE [7,13]. Currently,
most farmers in the NCP use flooding irrigation to irrigate their winter wheat fields, and
Xu et al. (2018) advocated that irrigation at the jointing and anthesis stages of wheat could
achieve a higher GY and WUE [11]. The most common micro-irrigation techniques now
applied in wheat production are surface drip irrigation and micro-sprinkling irrigation in
the NCP. Studies have shown that micro-irrigation significantly improved crop yield and
WUE by ensuring a water supply during the crucial growth stages of winter wheat through
reducing the irrigation volume each time and increasing irrigation frequencies compared
with the conventional irrigation practice [13,14]. Furthermore, it has been demonstrated
that micro-irrigation simultaneously enhanced WUE and NfUE in wheat by co-locating
water and nitrogen fertilizer applications with root distribution of winter wheat in the soil
profile [14–16]. Previous studies also indicated that subjecting wheat to micro-irrigation
could significantly increase leaf area index and chlorophyll content in leaf during grain
filling, extend the leaf function period, enhance photosynthetic rate in plants, prevent
premature senescence of wheat and increase grain weight and GY [17,18].

Nitrogen is one of the most important essential elements for crop growth [19]. Studies
indicated that crops’ growth was highly impacted by the soil’s water conditions as well
as the nitrogen application rate, and a suitable irrigation amount combined with nitrogen
supply could boost the crops’ growth and increase GY [20,21]. Presently, the recommended
nitrogen application rate for wheat production with a target of high yield and efficient
resource utilization is 180–240 kg·ha−1 in the NCP, and it is divided into basal dressing and
top dressing [22]. The prevailing nitrogen top dressing by farmers for winter wheat in this
region is applied artificially combined with irrigation in spring, however, the inadvisable
nitrogen application rate for winter wheat production has led to a lower NfUE [23], and the
disposable top dressing accompanied by irrigation easily caused nitrogen to migrate out
of the main root zone of wheat and leach into deeper soil layers [14]. Wu et al. (2008) [24]
found that the reduction in nitrogen application rate for wheat greatly improved the NfUE
while maintaining a higher yield. Even though an excessive nitrogen application rate
may not have a major impact on crop yield, it can have a considerable impact on the
amount of nitrogen residue in the soil after wheat harvest and decrease the use efficiency
of nitrogen [25,26]. In particular, the rainy season comes soon after wheat harvest in
the NCP, which easily exacerbates the residual nitrogen leaching into deeper soil layers.
Therefore, the development of an optimized irrigation and fertilization regime is urgently
needed to improve the GY, WUE and NfUE of winter wheat in the NCP. Furthermore,
previous studies were focused on the physiological mechanism of micro-irrigation with
water and nitrogen integration to achieve high yield and efficient utilization of water and
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nitrogen in wheat. However, there is insufficient research on the effect of reducing the
nitrogen application rate under different irrigation methods on grain yield and water and
nitrogen utilization in winter wheat. In this study, we hypothesized that, after increasing
irrigation frequency and reducing nitrogen application rate, micro-irrigation with water
and nitrogen integration could delay leaf senescence during grain filling and improve dry
matter production post-anthesis so as to ensure grain yield, promote the absorption and
utilization of soil water and nitrogen, increase nitrogen accumulation in plants and reduce
the nitrate leaching to deep soil layers so as to increase WUE and NfUE. To confirm this
hypothesis, a two-year field experiment was conducted to identify the effects of reducing
nitrogen application rate under different irrigation methods on (1) grain yield and yield
components of winter wheat, (2) leaf area index (LAI), chlorophyll content of flag leaf after
anthesis and dry matter accumulation, (3) water and nitrogen utilization in winter wheat.
We expect the research results to provide a theoretical basis and technical reference for high
winter wheat yield and efficient utilization of water and nitrogen in the NCP.

2. Materials and Methods
2.1. Experimental Site

At the experimental site of the China Agricultural University in Wuqiao County,
Cangzhou City, Hebei Province (37◦41′02′′ N, 116◦37′23′′ E), an in situ field experiment was
carried out from 2016 to 2018 throughout the winter wheat growing seasons. The altitude of
the experimental site is 20 m. The field’s soil is a light loam consisting of 11.8% clay, 78.1%
silt and 10.1% sand. In this two-year trial, summer maize was the previous crop before
wheat. Mean bulk densities in 0–100 cm and 100–200 cm soil layers are both 1.43 g·cm−3.
The soil total nitrogen, organic matter content, available phosphorus and potassium in the
upper 40 cm of the soil layer before sowing were 0.95 g·kg−1, 11.7 g·kg−1, 104.4 mg·kg−1

and 29.2 mg·kg−1, respectively; soil pH was 7.5. The nitrate nitrogen (NO3
−-N) content

before sowing in the 0–100 cm soil layer was 18.6 mg·kg−1 and 12.7 mg·kg−1 in 2016–2017
and 2017–2018 winter wheat growing seasons. The total precipitation in the two wheat
growing seasons was 95.5 mm and 185.6 mm, respectively. Figure 1 shows the climatic data
in different months of the winter wheat growing season during this experiment.

Figure 1. Daily precipitation and average air temperature recorded during the growing seasons of
winter wheat from 2016–2018 at the experiment site in this present study.

2.2. Experimental Design

In this experiment, conventional irrigation (CI), micro-sprinkling irrigation (SI) and
drip irrigation (DI) were used over the two growing seasons of winter wheat. Wheat growth
stages were recorded by the Zadoks scale [27]. Wheat was irrigated with 60 mm in each
irrigation event and 120 mm of total irrigation during the jointing (Z31) and anthesis stages
(Z61) in CI. SI and DI were carried out with 120 mm of total irrigation and 30 mm in each
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irrigation event at jointing (Z31), booting (Z45), anthesis (Z61) and filling stages (Z71). CI
was carried out using PVC pipe, and SI and DI with hoses [14,28]. The length of the hoses
for micro-irrigation treatments (SI and DI) was 30 m. The flow rate of micro-sprinkling
hoses was 6.0 m3·h−1, and the sprinkling angle was 80◦. The specific details of the layout of
micro-sprinkling hose in this experiment field were according to Li et al. [14]. The distance
between adjacent drip hoses was 30 cm, and the drip laterals had 30 cm emitter spacing
and a flow rate of 2.0 L·h−1, with a worked pressure of 0.1 MPa. In this experiment, the
irrigation water source is fresh water drawn from a well. Three replicates were used in the
randomized complete block experimental design. Each experimental plot was 4 m × 30 m.
Before sowing, 105 kg·ha−1 nitrogen, 120 kg·ha−1 P2O5 and 90 kg·ha−1 K2O were applied
as base fertilizer. During the spring season of wheat growth, 45 kg·ha–1 nitrogen (N45)
and 90 kg·ha–1 nitrogen (N90) were applied using urea (nitrogen content of 46.4%) as
top dressing under different irrigation methods. For each irrigation event of SI and DI,
a quarter of the top dressing urea was completely dissolved in a fertilization device and
applied together with the irrigation, while all nitrogen was artificially spread over the field
before irrigation at the jointing stage for CI. One of the most extensively grown varieties in
the NCP, the high-yield winter wheat cultivar “Jimai22”, was utilized in the experiment. At
a planting density of 540 plants per square meter, the wheat was sown on 14 October 2016
and 22 October 2017, and it was harvested on 14 June 2017 and 10 June 2018, respectively.
No visible pests or diseases happened in the experimental field during the test period.

2.3. Sampling and Measurements
2.3.1. Water Consumption and Use Efficiency

At sowing and maturity, soil samples were taken from 0 to 200 cm soil depth at 20 cm
intervals with a soil corer. The soil water content (g·g−1) was measured using the oven-
drying method. Some fresh soil samples were retained in each soil layer to determine
soil NO3

−-N content. The difference between the soil water storage (0–200 cm) at sowing
and maturity was used to calculate the amount of soil water consumption. The soil water
balance equation was used to determine the total seasonal evapotranspiration (ET) during
the growth stage of winter wheat [29]:

ET = I + P ± SW − R + CR − D

where I (mm) is irrigation, P (mm) is precipitation recorded at the nearby meteorological
station, SW (mm) is soil water consumption based on the difference between sowing and
maturity, R is surface runoff, CR is capillary rise into the root zone and D is downward
flux below the 200 cm soil layer. Due to the lower rainfall during wheat growing seasons
in this region, deep soil layer and the large water holding capacity, plus the border of the
experimental plots, runoff was rarely observed in the field and it was taken as zero. D
can also be ignored in the NCP, including at the experimental site [30]. The soil water
consumption percentage for 0–100 cm (SW1) and 100–200 cm (SW2) was the ratio of its
water consumption volume to SW. The GY/ET ratio was used to calculate WUE.

2.3.2. Leaf Area Index (LAI) and Chlorophyll Content of Flag Leaves

At anthesis and grain filling stages (20 days after anthesis), the green leaf area of ten
wheat plants was measured by a Li-3100 area meter (LI-COR, Inc., Lincoln, NE, USA) from
each experimental plot to calculate the leaf area index (LAI) [13]. At these two stages, 20 flag
leaf samples were randomly selected from each experimental plot to analyze the chlorophyll
content (a + b). Flag leaf chlorophyll (a + b) content was extracted with 95% alcohol for
48 h in the dark, and the optical density (OD) of the alcohol extraction was measured at 649
and 665 nm using a UV-1800 Visible Ultraviolet Spectrophotometer, Shimadzu, Japan [14].

2.3.3. Dry Matter Accumulation (DM) and Grain Yield (GY)

Two 50 cm inner rows of wheat plants from each experimental plot were sampled at
ground level at anthesis and maturity stages, then separated into grain and the rest. All
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samples were dried in an oven at 75 ◦C to a constant weight. Dry matter translocation
(DMT) from the vegetative portions of the grain between anthesis and maturity was
calculated as the difference between DM at anthesis and DM at maturity without grain.
The contribution of DM pre-anthesis to grain was calculated from the ratio of DMT pre-
anthesis to grain at maturity (DMR) [31], and the contribution ratio of DM post anthesis
to grain was calculated as the difference by 100-DMR (DMPR). The ratio of grain to total
above-ground DM at maturity is defined as the harvest index (HI). To determine spike
number, spikes were counted in six 1 m center rows of each plot before harvest. Before
harvest, 60 randomly picked spikes from each experimental plot were used to calculate
the grain number. Wheat plants from a 3 m2 area in each plot were harvested and then
threshed artificially to determine GY. Actual GY was reported on a 13% moisture basis. By
weighing 1000 seeds from each sample and averaging the results of three replicates, the
thousand grain weight (TGW) was determined.

2.3.4. Soil Nitrate Nitrogen (NO3
−-N) Residue, Nitrogen Accumulation and Use

Soil NO3
−-N contents were determined using an ultraviolet spectrophotometer, and

soil samples were extracted with 0.01 mol·L−1 CaCl2 [32]. The calculation method for
the accumulated amount of NO3

−-N in the 0–200 cm soil profile is the sum of NO3
−-N

accumulation in each layer [33]. The Kjeldahl method was used to determine the total
nitrogen content of plants [34]. According to Ruisi et al. (2016), nitrogen accumulation and
use were calculated as follows [35]:

NAM = DMM × NC%,

NfUE = GY/Nf

where NAM is the nitrogen accumulation in plants at maturity; DMM is dry matter
accumulation of plants at maturity; NC is the nitrogen concentration in plants; NfUE is
nitrogen fertilizer use efficiency; Nf is the applied amount of nitrogen fertilizer.

2.4. Data Analysis

Microsoft Excel 2016 (Microsoft, Inc., Redmond, WA, USA) was used for data sorting,
SPSS Statistics 22.0 software (IBM, Armonk, NY, USA) was used to analyze the data and
the least significant difference test (p = 0.05) was used to compare the difference between
different irrigation methods and nitrogen application rates in this study. All figures in this
paper were generated using Origin Pro 2019 (Origin Lab Corp., Northampton, MA, USA).

3. Results
3.1. Grain Yield and Yield Components

Grain yield (GY) clearly fell from 2017–2018 compared with 2016–2017, which was
mostly as a result of a decline in spike number (SN) and thousand grain weight (TGW)
(Table 1). However, the two-year study data revealed consistent outcomes. Across the two
years, the GY under three irrigation methods was significantly lowered with a reduction in
nitrogen application rate, which decreased by 6.35%, 9.84% and 6.83%, respectively, in N45
compared to N90. Under N45, there was no significant difference in GY between SI and DI,
and they were both significantly higher than in CI. Under N90, GY in CI was significantly
lower than that of DI, and SI yielded the highest GY when compared to those of CI and
DI. Notably, there was no significant difference in GY among CIN90, SIN45 and DIN45.
SN and grain number per spike (GN) among different treatments in the same year had
no significant difference, while there was a large effect on TGW, and the difference in GY
under different treatments was mainly caused by the change in TGW.
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Table 1. Effects of different irrigation methods and nitrogen application rates on grain yield (GY),
spike number (SN), grain number per spike (GN) and thousand grain weight (TGW) of winter wheat.

Year Treatment GY (kg·ha−1) SN (×104·ha−1)
GN

(Grain·Spike−1) TGW (g)

2016–2017 CIN45 7769.6 ± 102.5 d 819.0 ± 11.7 a 27.6 ± 0.25 a 42.3 ± 0.28 e
CIN90 8503.7 ± 284.5 c 826.0 ± 12.2 a 27.7 ± 0.21 a 43.6 ± 0.32 d
SIN45 8882.7 ± 102.9 c 819.6 ± 2.2 a 28.2 ± 0.26 a 45.8 ± 0.18 bc
SIN90 9786.4 ± 120.3 a 830.4 ± 10.4 a 27.8 ± 0.28 a 46.7 ± 0.32 a
DIN45 8366.0 ± 99.9 c 818.6 ± 9.2 a 27.6 ± 0.21 a 45.5 ± 0.26 c
DIN90 9111.5 ± 87.8 b 820.9 ± 5.5 a 27.8 ± 0.21 a 46.1 ± 0.09 b

2017–2018 CIN45 6658.2 ± 35.3 d 648.4 ± 5.8 a 29.9 ± 0.15 a 41.3 ± 0.73 e
CIN90 6940.2 ± 35.2 c 677.8 ± 2.5 a 30.3 ± 0.13 a 42.8 ± 0.19 d
SIN45 6905.0 ± 35.2 c 665.6 ± 5.4 a 30.4 ± 0.09 a 43.7 ± 0.27 c
SIN90 7710.7 ± 34.9 a 674.5 ± 6.7 a 30.2 ± 0.02 a 45.4 ± 0.68 a
DIN45 6881.5 ± 66.7 c 666.9 ± 2.5 a 30.0 ± 0.33 a 43.5 ± 0.12 c
DIN90 7279.6 ± 89.9 b 668.7 ± 14.2 a 30.1 ± 0.39 a 45.0 ± 1.1 b

CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI, drip irrigation method; N45
indicates 45 kg·ha−1 nitrogen was applied as top dressing; N90 indicates 90 kg·ha−1 nitrogen was applied as top
dressing. Different letters indicate a significant difference among different irrigation methods at p < 0.05 level. All
the data are shown as the mean ± standard error (n = 3).

3.2. Leaf Area Index (LAI) and Chlorophyll Content Flag Leaf

LAI of winter wheat at anthesis was obviously higher than at the grain filling stage,
and it was obviously lower from 2017–2018 than that from 2016–2017 (Figure 2). The
two years’ experimental results showed that LAI decreased in N45 compared with N90,
but no significant difference was presented between N45 and N90 in micro-irrigation
treatments in the first growing season. At the anthesis stage, the LAIs of SI and DI were
significantly greater than in CI but did not differ significantly from each other under N45.
However, irrigation methods had no significant impact on the LAI under N90. At the filling
stage, N45 significantly reduced the LAI when compared to N90 under the same irrigation
method. The LAI in SI and DI did not differ significantly, while LAI in micro-irrigation
was significantly higher than that of CI under N45. Under N90, compared with CI, micro-
irrigation significantly improved the LAI, and LAI in SI was significantly higher than that
of DI.

Chlorophyll content in flag leaf was obviously decreased when nitrogen application
rate was reduced under the same irrigation method, but the results of chlorophyll content
in different irrigation methods under the same nitrogen application rate were varied. At
the anthesis stage, under N45, the two years’ results all showed that the chlorophyll content
in CI and SI was not significantly different, while SI significantly improved the chlorophyll
content compared to DI. Additionally, under N90, micro-irrigation significantly increased
the chlorophyll content compared to CI, and no significant difference in the chlorophyll
content was observed between SI and DI. At the filling stage, under N45, the two years’
data revealed that CI significantly decreased the chlorophyll content compared to micro-
irrigation treatments, and SI had a much greater chlorophyll content than DI. Under N90,
compared with micro-irrigation treatments, CI significantly decreased the chlorophyll
content, and that of SI was significantly higher than that of DI; however, there was no
significant difference between CI and DI from 2017–2018.



Agronomy 2022, 12, 1835 7 of 16

Figure 2. Effects of different irrigation methods and nitrogen application rates on flag leaf chlorophyll
content at anthesis and filling stages. Note: CI, conventional irrigation method; SI, micro-sprinkling
irrigation method; DI, drip irrigation method; N45 indicates 45 kg·ha−1 nitrogen was applied as
top dressing; N90 indicates 90 kg·ha−1 nitrogen was applied as top dressing. Values followed by
the same letter within a column in each year are not significantly different at p < 0.05. Vertical bars
represent standard errors. All the data are shown as the mean ± standard error (n = 3).

3.3. Dry Matter Accumulation and Translocation

Across the two years, dry matter accumulation (DM) at anthesis (DMA) in SI was not
significantly impacted by reducing the nitrogen application rate, but it was significantly
decreased in CI and DI when nitrogen application was reduced (Table 2). CI treatment
significantly increased the DMA compared to SI and DI when nitrogen application was
the same, and DMA in micro-irrigation treatments had no significant difference. Under
N45, SI and DI significantly decreased DMA compared to CI from 2016–2017; however,
no significant difference was observed in DMA between CI and SI from 2017–2018, nor
between SI and DI, but DMA in CI was significantly higher than that in SI. At maturity,
compared with N90, N45 significantly decreased the total DM (DMM) in both years under
the same irrigation method, and under N90, DMM in CI was significantly decreased
compared with those of DI and SI, and SI showed the highest DMM. However, compared
to CI under N45, the DMM in micro-irrigation treatments was significantly improved, and
that of SI was significantly higher than that of DI in the first growing season, while no
significant difference was observed between SI and DI in the second year. The contribution
ratio of pre-anthesis dry matter translocation to GY (DMR) was significantly higher for
N45 than N90 in CI, and the reduction in nitrogen had no significant impact on DMR in SI
and DI, but SI significantly decreased the DMR compared with DI. The contribution ratio
of post-anthesis dry matter accumulation to grain (DMPR) in different treatments was in
opposition to the DMR. In addition, CI significantly decreased harvest index (HI) compared
to micro-irrigation treatments under the same nitrogen application rate, whereas SI and DI
had no significant effect on HI. Under N45, no significant difference was observed in HI
between DI and SI, however, that of DI was significantly lower than that of SI under N90.
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Table 2. Effects of different irrigation methods and nitrogen application rates on dry matter accumu-
lation, translocation and harvest index of winter wheat.

Year Treatment DMA (kg·ha−1) DMM (kg·ha−1) DMR (%) DMPR (%) HI

2016–2017 CIN45 15395.6 ± 130.5 b 20214.9 ± 10.3.3 e 38.6 ± 0.63 a 61.4 ± 0.63 d 0.388 ± 0.002 c
CIN90 15805.3 ± 81.4 a 21684.0 ± 65.3 d 32.7 ± 0.50 b 67.3 ± 0.50 c 0.403 ± 0.001 b
SIN45 15055.1 ± 105.1 c 22507.8 ± 100.3 c 17.5 ± 2.39 d 82.5 ± 2.39 a 0.401 ± 0.002 b
SIN90 15384.0 ± 108.6 b 23794.7 ± 84.8 a 15.7 ± 0.69 d 84.3 ± 0.69 a 0.419 ± 0.001 a
DIN45 14948.0 ± 87.6 c 21800.4 ± 58.8 d 22.3 ± 0.78 c 77.7 ± 0.78 b 0.405 ± 0.003 b
DIN90 15409.1 ± 32.9 b 22926.0 ± 99.2 b 22.0 ± 0.67 c 78.0 ± 0.67 b 0.420 ± 0.001 a

2017–2018 CIN45 12402.7 ± 62.0 b 16182.2 ± 71.1 e 43.5 ± 1.39 a 56.5 ± 1.39 d 0.414 ± 0.001 d
CIN90 12653.3 ± 67.7 a 17488.9 ± 7.3 b 32.9 ± 0.73 c 67.1 ± 0.73 c 0.412 ± 0.001 d
SIN45 12320.7 ± 99.3 bc 17128.7 ± 91.9 c 33.3 ± 1.01 c 66.7 ± 1.01 c 0.421 ± 0.002 bc
SIN90 12425.1 ± 53.0 b 17962.4 ± 37.3 a 28.6 ± 0.65 d 71.4 ± 0.65 a 0.432 ± 0.001 a
DIN45 12248.4 ± 49.6 c 16627.3 ± 63.2 d 37.1 ± 0.56 b 62.9 ± 0.56 c 0.419 ± 0.003 c
DIN90 12435.8 ± 22.1 b 17476.0 ± 27.2 b 32.0 ± 0.51 c 68.0 ± 0.51 b 0.424 ± 0.003 b

CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI, drip irrigation method; N45
indicates 45 kg·ha–1 nitrogen was applied as top dressing; N90 indicates 90 kg·ha–1 nitrogen was applied as
top dressing. DMA, dry matter accumulation at anthesis; DMM, dry matter accumulation at maturity; DMR,
contribution of dry matter pre-anthesis translocation to grain yield; DMPR, contribution of dry matter post-
anthesis accumulation to grain yield. Different letters indicate a significant difference among different irrigation
methods at p < 0.05 level. All the data are shown as the mean ± standard error (n = 3).

3.4. Water Consumption and Utilization

As shown in Figure 3, the total seasonal evapotranspiration (ET) of winter wheat in
N45 was significantly lower than that of N90 under the same irrigation method across
the two years. The three irrigation methods had no significant effect on ET under N45.
Under N90 in the 2016–2017 growing season of winter wheat, no significant difference in
ET was observed between CI and DI and between DI and SI, but ET in SI was significantly
lower than that in CI; however, CI significantly increased the ET compared with those of DI
and SI from 2017–2018. Water use efficiency (WUE) was not significantly impacted by the
reduction in nitrogen application rate under CI, but micro-irrigation treatments significantly
decreased the WUE in N45 compared to N90. Micro-irrigation treatments significantly
improved the WUE compared to CI under the same nitrogen application rate. WUE in SI
and DI increased by 9.09% and 4.70%, respectively, compared with that of CI under N45;
however, under N90, the WUE increased by 15.9% and 7.23%, respectively. However, WUE
in DI was significantly lower than that of SI under the same nitrogen application rate, but
SI and DI had no significant effect on WUE from 2017–2018. Under N90, the WUE variation
in the various irrigation methods was consistent with the prior year.

3.5. Soil Water Utilization

As shown in Table 3, across the two years, N90 treatments significantly increased
soil water consumption (SW) as compared to those of N45 under three irrigation methods.
However, under N45, there was no significant variation in SW among the three irrigation
methods. Meanwhile, under N90, there was no significant variance in SW between SI
and DI, and besides the DI, SW in SI declined significantly over the two years compared
to CI. The two years of research indicated that the reduction in nitrogen application rate
significantly decreased the soil water consumption from 0–100 cm (SW1), however, CI had
a much higher SW1 than micro-irrigation treatments, and SW1 in SI was similar to that
in DI. It is worth noting that, compared N90, N45 had no significant impact on the ratio
of SW1 to SW in SI and DI, and CI significantly increased SW1 compared to SI and DI
from 2016–2017, while there was no significant impact on SW1 under N90 among the three
irrigation methods from 2017–2018. In addition, there was no significant difference in soil
water consumption in the 100–200 cm soil profile (SW2) between N45 and N90 under SI,
and the reduced nitrogen application rate treatments significantly decreased SW2 in the
three irrigation methods. Under N45, there was no significant difference in SW2 between SI
and DI in the two years, and they were both much higher than in CI. In comparison to CI,
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SW2 under N90 increased dramatically with SI and DI from 2016–2017, but the irrigation
methods had no significant impact on SW2 from 2017–2018. Most notably, the SW2 to SW
ratio in SI and DI was not significantly affected by the reduction in nitrogen application
rate, and they significantly increased SW2 compared with CI from 2016–2017, while there
was no significant impact on the ratio under N90 among the three irrigation methods from
2017–2018.

Figure 3. Effects of different irrigation methods and nitrogen application rates on the seasonal
evapotranspiration (ET) and water use efficiency (WUE) of winter wheat during the two seasons.
Note: CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI, drip irrigation
method; N45 indicates 45 kg·ha–1 nitrogen was applied as top dressing; N90 indicates 90 kg·ha–1

nitrogen was applied as top dressing. Values followed by the same letter within a column in each
year are not significantly different at p < 0.05. Vertical bars represent standard errors. All the data are
shown as the mean ± standard error (n = 3).

3.6. Nitrogen Accumulation and Utilization in Plants

The variation in nitrogen accumulation in winter wheat at maturity (NAM) among
different treatments was consistent between the two growing seasons (Figure 4). Compared
with N90, NAM was decreased significantly in N45 under the same irrigation method.
However, when nitrogen was applied at the same rate, NAM in SI significantly surpassed
that of DI and CI, and CI obtained the lowest NAM. Across the two years, N45 significantly
increased the nitrogen fertilizer use efficiency (NfUE) compared to N90 under the same
irrigation method, but there were some changes in NfUE among the irrigation methods
under the same nitrogen application rate. Under N45, CI significantly decreased the NfUE
compared with DI from 2016–2017, whereas the NfUE in SI was significantly higher than
that in DI. From 2017–2018, NfUE in CI was significantly lower than that of micro-irrigation
treatments, and the NfUE in SI was similar to that of DI. SI had a much higher NfUE than
DI and CI, and CI had the lowest NfUE under N90 in the two years.
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Table 3. Effects of different irrigation methods and nitrogen application rates on soil water consump-
tion of winter wheat during the two seasons.

Year Treatment
Soil Water Consumption Amount (mm)

SW (mm)
SW1 Ratio (%) SW2 Ratio (%)

2016–2017 CIN45 144.2 ± 1.35 b 72.1 ± 0.61 a 55.8 ± 2.19 d 27.9 ± 0.61 b 200.0 ± 3.51 c
CIN90 158.9 ± 0.43 a 70.5 ± 0.89 a 66.5 ± 2.69 c 29.5 ± 0.89 b 225.5 ± 2.40 a
SIN45 134.3 ± 0.86 c 66.4 ± 0.74 b 68.1 ± 2.34 bc 33.6 ± 0.74 a 202.4 ± 3.68 c
SIN90 140.4 ± 4.97 b 65.7 ± 2.14 b 73.3 ± 5.21 ab 34.3 ± 2.14 a 213.6 ± 4.96 b
DIN45 135.8 ± 1.16 c 66.7 ± 0.95 b 67.8 ± 2.77 bc 33.3 ± 0.95 a 203.6 ± 2.87 c
DIN90 143.4 ± 1.39 b 65.3 ± 1.28 b 76.3 ± 2.22 a 34.7 ± 1.28 a 219.7 ± 4.08 ab

2017–2018 CIN45 83.5 ± 3.35 c 85.7 ± 2.51 a 13.9 ± 3.21 d 14.3 ± 2.51 b 97.4 ± 6.24 c
CIN90 98.5 ± 2.80 a 78.3 ± 1.34 b 27.2 ± 2.86 a 21.7 ± 1.34 a 125.7 ± 5.49 a
SIN45 75.4 ± 2.32 d 77.7 ± 1.96 b 21.6 ± 2.52 c 22.3 ± 1.96 a 97.0 ± 3.93 c
SIN90 86.8 ± 1.74 bc 76.7 ± 0.66 b 26.4 ± 1.09 a 23.3 ± 0.66 a 113.2 ± 2.43 b
DIN45 79.2 ± 1.27 d 76.9 ± 1.84 b 23.7 ± 2.08 bc 23.1 ± 1.84 a 102.9 ± 0.83 c
DIN90 90.2 ± 1.10 b 77.0 ± 0.46 b 26.9 ± 0.38 a 23.0 ± 0.46 a 117.1 ± 0.78 b

CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI, drip irrigation method; N45
indicates 45 kg·ha–1 nitrogen was applied as top dressing; N90 indicates 90 kg·ha–1 nitrogen was applied as
top dressing. SW presents the soil water consumption in 0–200 cm soil depth; SW1 presents the soil water
consumption in 0–100 cm soil depth; SW2 presents the soil water consumption in 100–200 cm soil depth. Different
letters indicate a significant difference among different irrigation methods at p < 0.05 level. All the data are shown
as the mean ± standard error (n = 3).

Figure 4. Effects of different irrigation methods and nitrogen application rates on nitrogen accumu-
lation at maturity (NAM) and nitrogen fertilizer use efficiency (NfUE) of winter wheat during the
two seasons. Note: CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI,
drip irrigation method; N45 indicates 45 kg·ha−1 nitrogen was applied as top dressing; N90 indicates
90 kg·ha−1 nitrogen was applied as top dressing. Values followed by the same letter within a column
in each year are not significantly different at p < 0.05. Vertical bars represent standard errors. All the
data are shown as the mean ± standard error (n = 3).

3.7. Soil Available Nitrogen Accumulation

Table 4 shows a similar variation in soil nitrate nitrogen (NO3
−-N) accumulation at

maturity in 0–200 cm soil depth (SNC) among different treatments from 2016–2017 and
2017–2018, that is, N45 significantly decreased the SNC compared to N90 under the same
irrigation method, however, micro-irrigation significantly reduced the SNC compared
to CI when nitrogen was applied at the same rate, and no significant difference in SNC
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was observed between SI and DI. Across the two years, N45 significantly decreased the
NO3

−-N residue from 0–100 cm (SNC1) under the same irrigation method, while there
was no significant difference in SNC1 among different irrigation methods. In addition, the
reduced nitrogen application rate had no significant impact on the ratio of NO3

−-N residue
of SNC1 to SNC under CI from 2016–2017 and, compared with N45, N90 significantly
increased the ratio of NO3

−-N residue of SNC1 to SNC under the same irrigation method.
Under N45, there was no significant difference in the ratio of NO3

−-N residue of SNC1
to SNC among the three irrigation methods from 2016–2017, but SI and DI significantly
increased the ratio compared to CI under the same nitrogen application rate in the two
growing seasons. N45 significantly decreased the NO3

−-N residue in the 100–200 cm soil
profile (SNC2) compared to N90, but under the same nitrogen application rate in the two
years, CI significantly increased the SNC2 compared to micro-irrigation treatments, and no
significant difference in SNC2 was observed between SI and DI. It was noted that the ratio
of SNC2 to SNC in SI and DI was lower than that of CI under the same nitrogen application
rate, and there was no significant difference in the ratio between SI and DI.

Table 4. Effects of different irrigation methods and nitrogen application rates on soil NO3
−-N

accumulation of winter wheat at maturity.

Year Treatment
Soil NO3−-N Accumulation Amount (kg·ha−1)

SNC (kg·ha−1)
SNC1 Ratio (%) SNC2 Ratio (%)

2016–2017 CIN45 38.0 ± 2.37 b 20.3 ± 1.15 b 148.9 ± 2.37 b 79.7 ± 1.15 a 186.9 ± 1.42 c
CIN90 64.0 ± 4.77 a 24.4 ± 4.91 b 198.1 ± 4.77 a 75.6 ± 4.91 a 262.1 ± 0.39 a
SIN45 39.5 ± 6.45 b 22.3 ± 5.39 b 138.0 ± 6.45 c 77.7 ± 5.39 a 177.5 ± 1.41 d
SIN90 63.2 ± 4.70 a 29.1 ± 0.99 a 154.0 ± 4.70 b 70.9 ± 0.99 b 217.2 ± 3.71 b
DIN45 41.1 ± 5.84 b 22.8 ± 4.44 b 139.0 ± 5.84 c 77.2 ± 4.44 a 180.1 ± 1.45 d
DIN90 66.5 ± 1.63 a 30.1 ± 1.90 a 154.5 ± 1.63 b 69.9 ± 1.90 b 221.0 ± 3.48 b

2017–2018 CIN45 92.8 ± 5.51 b 29.3 ± 1.14 c 224.2 ± 2.26 b 70.7 ± 1.14 a 316.9 ± 6.79 c
CIN90 125.4 ± 2.97 a 33.0 ± 0.82 b 254.2 ± 3.73 a 67.0 ± 0.82 b 379.6 ± 1.74 a
SIN45 95.1 ± 5.32 b 31.6 ± 0.87 b 206.1 ± 4.39 c 68.4 ± 0.87 b 301.2 ± 9.27 d
SIN90 128.2 ± 4.65 a 36.5 ± 0.97 a 222.7 ± 2.80 b 63.5 ± 0.97 c 350.9 ± 4.54 b
DIN45 98.1 ± 4.38 b 31.8 ± 0.58 b 210.5 ± 4.97 c 68.2 ± 0.58 b 308.6 ± 9.03 cd
DIN90 132.1 ± 3.37 a 37.2 ± 0.66 a 223.0 ± 2.31 b 62.8 ± 0.66 c 355.1 ± 3.96 b

CI, conventional irrigation method; SI, micro-sprinkling irrigation method; DI, drip irrigation method; N45
indicates 45 kg·ha–1 nitrogen was applied as top dressing; N90 indicates 90 kg·ha–1 nitrogen was applied as top
dressing. SNC, soil NO3

−-N accumulation in 0–200 cm soil depth; SNC1, soil NO3
−-N accumulation in 0–100 cm

soil depth; SNC2, soil NO3
−-N accumulation in 100–200 cm soil depth. Different letters indicate a significant

difference among different irrigation methods at p < 0.05 level. All the data are shown as the mean ± standard
error (n = 3).

4. Discussion

Spike number, grain number per spike and grain weight all affect wheat grain produc-
tion. Numerous studies have shown that insufficient nitrogen application causes a signifi-
cant decrease in GY of wheat, which mostly decreased the SN and GN but significantly
increased grain weight [36–38]. However, in this study, nitrogen reduction under three
irrigation methods had no significant impact on SN and GN, but significantly decreased
the TGW, which led to a fall in wheat’s GY when compared to the recommended nitrogen
application rate (Table 1). Tillering is an important phenological stage for winter wheat,
and there is a close correlation between tillering in spring and spike development [39]. The
number of tillers produced per plant has been found to be affected by limited nutrients [40].
Nitrogen deficiency has been recognized as an important nutrient factor to limit wheat
tiller growth and development [41]. We considered that the excessive nitrogen reduction
in earlier studies may have had a negative impact on the development of SN and GN in
wheat, and the lower SN and GN were beneficial to the increase in grain weight. In our
two-year study, the same nitrogen rate was applied under different treatments at sowing of
wheat, and all treatments were applied with nitrogen in spring, therefore, the reduction in
nitrogen did not have a negative impact on the SN and GN.
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The flag leaf is one of the most important photosynthetic organs of wheat, and it is the
basis for obtaining high grain weight and GY for wheat by delaying the leaf senescence
and maintaining a higher LAI during the grain filling period [14,42,43]. However, an
insufficient nitrogen application rate could easily lead to premature failure of wheat leaves,
reducing wheat GY [32]. A prior study revealed that micro-irrigation could greatly increase
the production of dry matter by delaying leaf senescence during grain filling, boosting the
grain filling rate and raising wheat’s TGW and GY [18]. In this study, nitrogen reduction
treatments significantly reduced GY under different irrigation methods, and GY in SI was
significantly higher than that of DI and CI, and CI had the lowest GY (Table 1). Additionally,
no significant difference in GY was found among CIN90, SIN45 and DIN45, and the greater
TGW accounted for the increased GY in SI and DI under nitrogen reduction. According to
Figure 2, compared to CI, SI and DI significantly increased the chlorophyll content at the
grain filling stage while maintaining high levels of LAI under the same nitrogen application
rate. Conversely, the chlorophyll content and LAI were significantly decreased when
nitrogen was reduced under the same irrigation method, but they were still significantly
higher in SI and DI than CIN90, which may be the reason why micro-irrigation treatments
could significantly improve the TGW. In addition, nitrogen application during the post-
anthesis of winter wheat could improve root activity and increase the photosynthetic rate
of flag leaf during the grain filling period [44], which may account for the higher grain
weight achieved by micro-irrigation treatments in this present study.

GY of wheat is directly related to dry matter production [45,46]. It is a promising
way to improve the DMM and HI of wheat through optimizing irrigation and nitrogen
application regime [11]. This study found that micro-irrigation significantly improved the
DMM compared with CI under the same nitrogen application rate (Table 2). However,
compared with N90, N45 significantly decreased the DMM under the same irrigation
method, but micro-irrigation with nitrogen reduction showed a similar DMM to CI with
the recommended nitrogen application rate, particularly in SI, which obtained the highest
DMM and HI. In addition, grain growth depends on the photosynthesis during the grain
filling period and the remobilization of pre-anthesis assimilates stored in vegetable organs
to grain [47,48]. In this study, micro-irrigation significantly increased the DM post anthesis
and increased the DMPR compared to CI under the same nitrogen application rate, which
may be related to the higher chlorophyll content and LAI in the filling period in SI and DI
(Figure 2).

Optimized irrigation practices are beneficial to improve the WUE of winter wheat [49,50],
and insufficient nitrogen supply may lead to significantly decreased crop yield as well as
WUE [32]. This study revealed that micro-irrigation greatly lowered ET when compared
with the conventional farmer irrigation method and significantly enhanced wheat GY and
WUE [14,51]. Furthermore, enhancing the water uptake and use from deeper soil profiles
by the crop is a very promising strategy to increase the WUE and enhance wheat yield
when irrigation is limited [12,52,53]. In this study, the ET in CI was significantly lower
than in micro-irrigation methods under N90, especially in SI, which may be because SI
and DI were beneficial to improving the micro-environment of the wheat canopy, and this
favors reducing the ineffective evaporation of soil water in the field [46]. However, under
N45, there was no significant change in ET among the various irrigation methods, and the
study of this effect is ongoing. Compared with CI under the same nitrogen application
rate, micro-irrigation significantly increased WUE of winter wheat, and WUE in SI was
the highest. In this investigation, we also discovered that micro-irrigation altered water
extraction of deep soil by winter wheat (Table 3, Figure 1). The water consumption of
the 0–100 cm soil profile under the same irrigation method was significantly increased by
SI and DI in the first growing season of winter wheat, but the deeper (100–200 cm) soil
water consumption under N90 in the second year was not significantly different among
the three irrigation methods, which may be related to the heavy rainfall during the filling
period of winter wheat in this year (Figure 1). Therefore, we suppose that a small amount
of micro-irrigation with two nitrogen application rates may have promoted the root to
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penetrate into the deep soil profile in this present study, and facilitated enhancing the
acquisition capacity for deep soil water of winter wheat, thereby improving WUE.

Optimizing nitrogen application is an important means to improve GY and NfUE of
wheat [32]. However, the nitrogen application rate has a great impact on the NfUE, as does
the irrigation regime [16,36,54]. Increasing the irrigation volume usually increases nitrogen
leaching, reducing soil’s available nitrogen accumulation in the root zone [14,55]. Previous
studies showed that soil NO3

−-N is easily leached into the deeper soil layer, especially
after a large amount of irrigation for wheat, causing larger NO3

−-N loss, which resulted
in the decrease in NfUE [56,57]. Furthermore, improper agricultural production practices
have had a serious impact on the eco-environment, and climate and environmental changes
have social consequences affecting people [58]. In addition, the frequent occurrence of
droughts over the last two decades has led to in rise in farmers’ concerns that field crop
production will not be possible without irrigation. The warmer climate will also shorten the
growing cycle of all crops [59]. In order to meet the growing demand from an increasing
world population, there is a need to increase wheat production. Fertilization and irrigation
have a great potential to enhance growth quality, grain yield and yield-related traits of
wheat [60–62]. Nevertheless, previous studies found that because of the small irrigation
volume and the divided nitrogen application, which encouraged wheat absorption and
utilization, the NfUE in micro-irrigation treatments significantly improved when compared
to conventional irrigation methods, and the soil NO3

−-N residue was significantly reduced
at maturity [13,14]. In this present study, micro-irrigation significantly improved the plants’
nitrogen accumulation at maturity when compared to CI at the same nitrogen application
rate, and that of SI was the highest. However, under N45, the NfUE in micro-irrigation was
significantly improved compared to CI (Figure 4), which was mainly due to the significant
increase in GY of micro-irrigation treatments (Table 1). In addition, the residual NO3

−-N of
micro-irrigation treatments in the soil at maturity was significantly decreased compared
to CI, which indicated that the micro-irrigation methods were conducive to reducing the
residual amount of soil NO3

−-N, and more nitrogen was absorbed and utilized by the
crop (Table 4). In comparison to SI and DI, CI greatly enhanced the soil NO3

−-N leaching
into the deeper soil depth with the same nitrogen application rate, which is also one of
the causes for the lowering of NfUE in CI. Furthermore, nitrogen deficit in wheat will
stimulate root growth into the deep soil layers to increase nutrient absorption, according to
Wang et al. (2014) [52]. In this study, the reason why micro-irrigation improved the WUE
and NfUE compared to CI may be that it led to lower NO3

−-N in the deeper soil layer
than in CI from the jointing to booting stage of wheat, and this period is greatly critical for
wheat root growth. However, more research will need to be carried out in the future on
the effects of different nitrogen application rates on winter wheat root growth and their
physiological mechanisms.

5. Conclusions

Compared with CI, using micro-irrigation with integrated water and N fertilizer, and
with irrigation and nitrogen application at jointing, booting, anthesis and grain filling of
winter wheat, could further reduce the nitrogen application rate and maintain the GY of
winter wheat, and improve WUE and NfUE, particularly in SI. The reason for the higher GY,
WUE and NfUE in micro-irrigation than in CI was because it delayed the leaf senescence
during the grain filling period, improved the DM post anthesis and increased the use
of water and nitrogen contained in deeper soil layers. Overall, using micro-irrigation
technology with reduced nitrogen application rate can guarantee the output and improve
the use efficiency of water and N fertilizer in the NCP.
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