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Suitable split nitrogen
application increases grain yield
and photosynthetic capacity in
drip-irrigated winter wheat
(Triticum aestivum L.) under
different water regimes in the
North China Plain
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Zhuanyun Si*, Rakhwe Kama*, Yang Gao™ and Aiwang Duan™

Key Laboratory of Crop Water Use and Regulation, Ministry of Agriculture and Rural Affairs/Institute
of Farmland Irrigation, Chinese Academy of Agricultural Sciences, Xinxiang, Henan, China,
2Department of Agricultural and Bioresource Engineering, Abubakar Tafawa Balewa University,
Bauchi, Nigeria

Chemical fertilizer overuse is a major environmental threat, critically polluting
soil and water resources. An optimization of nitrogen (N) fertilizer application in
winter wheat (Triticum aestivum L.) in association with various irrigation
scheduling is a potential approach in this regard. A 2-year field experiment
was carried out to assess the growth, yield and photosynthetic capacity of drip-
irrigated winter wheat subjected to various split applications of urea (240 kg
ha™*, 46% N). The eight treatments were, two irrigation scheduling and six N
application modes in which, one slow-release fertilizer (SRF). Irrigation
scheduling was based on the difference between actual crop
evapotranspiration and precipitation (ETa-P). The two irrigation scheduling
were lys (Irrigation scheduling when ETa-P reaches 45 mm) and |z (Irrigation
scheduling when ETa-P reaches 30 mm). The six N levels were Ng_j00 (100%
from jointing to booting), N2s.75 (25% during sowing and 75% from jointing to
booting), Nsg_50 (50% during sowing and 50% from jointing to booting), N7s5_»5
(75% during sowing and 25% from jointing to booting), Nigo-o (100% during
sowing), and SRFigp (240 q ha™l, 43% N during sowing). N top-dressing
application significantly (P<0.05) influenced wheat growth, aboveground
biomass (ABM), grain yield (GY) and its components, photosynthetic and
chlorophyll parameters, and plant nutrient content. According to the
averages of the two winter wheat-growing seasons, the l45Ns0.50 and
l4sSRF100 treatments, respectively had the highest GY (9.83 and 9.5 t ha™),
ABM (19.91 and 19.79 t ha™%), net photosynthetic rate (35.92 and 34.59 pmol
m~2s73), stomatal conductance (1.387 and 1.223 mol m2s™%), SPAD (69.33 and
64.03), and chlorophyll fluorescence F,/Fy (8.901 and 8.922). The present
study provided convincing confirmation that N applied equally in splits at basal-
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top-dressing rates could be a desirable N application mode under drip
irrigation system and could economically compete with the costly SRF for
winter wheat fertilization. The 145N50-50 treatment offers to farmers an option to
sustain wheat production in the NCP.

KEYWORDS

drip-fertigation, split N application, wheat yield, photosynthetic capacity,
chlorophyll fluorescence

Introduction

The North China Plain (NCP) is among China’s most
essential winter wheat-producing areas and winter wheat
(Triticum aestivum L.) is one of china’s most important grain
crops (Gui et al,, 2021). As stated in 2018 by the National Bureau
of Statistics of China, the NCP represents ~ 25% of the country’s
overall agricultural land, ~ 55% of the country’s overall wheat
production area, contributing about 71% of total wheat
production, and plays a key role in China’s wheat production
(Yeetal, 2022). However, the NCP receives an annual rainfall of
500-700 mm, especially in the summer, and little rainfall during
the wheat-growing season, which is insufficient for winter wheat
growth and development (Qu et al., 2019). Thus, supplemental
irrigation is necessary in the region for the dry-winter and spring
seasons to increase wheat yields, which deplete groundwater and
negatively affect the environment (Li et al., 2008). In the NCP, an
irrigation system with high-performance, for example drip
irrigation systems, are generally recommended to overtake
environmental problems because they are more performant
than outdated irrigation systems (Jha et al., 2017; Zain
et al,, 2021).

Drip irrigation, as an example of important water-saving
irrigation techniques, is beneficial in water-fertilizer resource
management (Jha et al., 2019; Yan et al,, 2019). Furthermore,
drip irrigation enhances crop yield and reduces crop water
requirement, tillage costs as well as fertilization doses. Sun
et al. (2022) reported that drip irrigation provides crop
rhizosphere with sufficient moisture leading to an increase in
crop yield. Several studies demonstrated that drip irrigation has
a great potentiality for a sustainable development of agricultural
in NCP (Si et al,, 2020; Zain et al., 2021). To date, drip irrigation
has been efficient for large-scale and low-densitycrops, including
cotton (Tayel and Mansour, 2013), cash crops (Kirda et al,
2007), corn (Lamm and Trooien, 2003), and fruit production
(El-Sayed and El-Hagarey, 2014). However, drip irrigation
system with a great water-fertilizer use efficiency is rarely
applied to small-scale and high-density crops such as wheat
(Bozkurt et al.,, 2006). Recent studies indicate that irrigation and
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nitrogen (N) management are required to promote the NCP’s
wheat production (Zain et al., 2021; Sun et al., 2022).

The application of fertilizer is another essential input that
significantly improves yield and nutritional quality. However,
excessive N application results in more than 50% N loss to the
environment, which subsequently leads to environmental
pollution (Ashraf et al., 2019; Adeel et al, 2021). As a
necessary macronutrient, N is needed frequently and in greater
quantities than any nutrient (Pan et al., 2019). When N fertilizer
is used strategically during wheat production, it could extend the
grain-filling stage and increase photosynthetic capacity, thus
increasing grain yield (Zhang et al., 2020). However, it was
demonstrated that excessive N application induces an increase in
N loss and a reduction in grain yield (Tian et al, 2018; Zhao
et al., 2019). Previous studies observed that top-dressing N
applications can increase grain yield compared to basal
application and have revealed that basal N fertilizer
application resulted in substantial N loss via volatilization
(Blandino et al., 2015). Further research has revealed that the
highest grain yield obtained the application of a 4:4:2 ratio
during the sowing, jointing, and anthesis stages were 11.01%
and 9.60% greater than those with a ratio of 6:4 and 4:6 applied
during the sowing and the joining stage under conditions where
the overall N amount applied was 202.5 kg ha™" (Chen et al,
2018b). Furthermore, slow-release fertilizers (SRFs) are also a
category of fertilizer, which contain nutrients (especially N) that
are dissolved in water slowly or released slowly (Al-Rawajfeh
et al., 2021).

Slow-release fertilizers are a type of fertilizer, which are
recognized globally (Al-Rawajfeh et al., 2021). SRFs have low
nutrient diversion loss and gradual nutrient release, which is
beneficial for crop nutrient uptake and utilization (Shan et al,
2022). Slow-release N fertilizer can meet crops’ overall
nutritional requirements of during their growth, decrease the
volatilization of ammonia in the field, increase N application
efficiency, and decrease environmental contamination (Shan
et al,, 2022). Crop yields, growth, and development, as well as
product quality, can all be improved with SRFs (Chen et al,
2018a; Abubakar et al., 2022). Although, SRFs are costly, many
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farmers cannot afford them. The COVID outbreak has caused a
dramatic increase in fertilizer prices, further driving up the price
of agricultural inputs. According to Zhang et al. (2022), there
was insufficient evidence to prove that SRFs could completely
substitute split N application strategies during wheat
production. It is imperative to develop a management strategy
that can substitute the conventional fertilization method, either
by switching urea for SRFs or by implementing drip-fertigation
methods. However, food security may be in peril as the output of
food production declines.

Nitrogen is an essential factor for achieving high crop yields
due to its impact on the leaf’s photosynthetic capacity
(Olszewski et al., 2014). N deficit reduces the capacity of
photosystems II and I to transport electrons, which eventually
reduces the conversion of photochemical energy. Chlorophyll
and photosynthetic capacity are both affected (Zivcak et al.,
2015). N fertilization directly influences growth, and net
photosynthetic rate, and eventually affects yield (Zhang et al,
2021). Optimized N fertilizer application is helpful to enhance
wheat leaves’ ability in increasing the PSII open part’s ratio and
subsequently boost the net photosynthetic rate (Zhang et al,
2021). Limited studies are available on the influences of N
fertilizers on wheat’s photosynthetic mechanisms. Under
conditions of sufficient soil moisture, the 195 kg N ha™!
treatment photosynthetic capacity was greatly increased
compared to that of 0 kg N ha™’, leading to an increased grain
yield (Zheng et al., 2021). Yang et al. (2022) reported that it is
also crucial to enhance leaf photosynthesis coupled with N use
efficiency (NUE), including N utilisation efficiency and N uptake
efficiency. Thus, it is important to investigate the response of
photosynthetic characteristics to N fertilizer application under
supplementary irrigation conditions.

For optimal agricultural productivity, a proper irrigation
schedule and N application modes are crucial. Even though
significant work has been done on irrigation scheduling and N
application modes during wheat production (Si et al., 2020; Zain
et al., 2021). However, deep knowledge of split N application
modes under various drip irrigation scheduling in winter wheat
is still lacking. Thus, the objectives of this study were (1) to
evaluate the changes in leaf gas exchange and chlorophyll
fluorescence of winter wheat after anthesis in response to
various drip irrigation scheduling and N application rates; (2)
to evaluate the influences of different drip irrigation and N
scheduling on winter wheat growth and yield; (3) and to find out
the optimal drip irrigation scheduling and top-dressing N ratio
for suitable wheat production in the NCP. The hypothesis of the
current study is that equal split N application at basal-top-
dressing rates can sustain or improve wheat physiological
growth, aboveground biomass accumulation and yield under
the irrigation regime of 45 mm compared to the irrigation quota
of 30 mm. The outcomes of the present study will give insights
into how drip-irrigated winter wheat’s performance can be
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improved by adjusting an integrated irrigation and N
fertilizer management.

Materials and methods
Experimental site and climatic condition

The two consecutive winter wheat seasons (2020-2021 and
2021-2022) experiments were conducted at Qiliying Research Site
of the Institute of Farmland Irrigation, Chinese Academy of
Agricultural Sciences in Xinxiang City, Henan Province, in the
NCP (35°08'N, 113° 45’E; altitude 81 m). Warm temperate
continental monsoon weather prevails in the area, with an annual
average precipitation of 578 mm (~80% of which fall between June
and October) and an average precipitation of 161 mm during the
wheat-growing season (Si et al, 2020). The overall seasonal
precipitation in 2020/2021 and 2021-2022 was 87 and 90.5 mm,
respectively. Figure 1 shows the monthly averages of minimum and
maximum temperatures and precipitation for the two wither wheat-
growing years. The soil in the research site is a sandy loam. Zain
et al. (2021) provided the the experimental area soil’s physical, and
chemical characteristics.

Experimental design and crop
management

The winter wheat (Triticum Aestivum L.) cultivar sown was a
high-yielding variety (Aikang 58) purchased from Danneng
Agricultural Materials Company in Xinxiang city; Henan
province; P.R China,. The wheat sowing density was 180 kg
ha™" (at a normal germination rate with 350-400 plants/m?).
Two factorial field experiment was conducted adopting a
randomized complete block design. The first factor, is the
irrigation scheduling with two treatments, while, the second
factor is the N application modes with six treatments, including
a single treatment of slow-release N-fertilizer (SRF). A total of
twelve (2%6) treatments are settled as detailed in Table 1. Each
treatment was replicated three times. The two irrigation levels
were I,5 (Irrigation scheduling when ETa-P reaches 45 mm) and
I5o (Irrigation scheduling when ETa-P reaches 30 mm). The six-
nitrogen levels were Ny 100, Nas.75, Nso.50, N75.25, Nigg.0, and
SRF;oo. Duan et al. (2019) and Si et al. (2020) recommended the
N (urea) application rate of 240 kg ha™' for winter wheat
production. The details of the fertilization schedules are given
in Table 2. The blocks were divided by 0.5 m access lines, and the
plot was 15 m by 3 m. Using a tractor-drawn rotary cultivator,
the soil was cultivated to a depth of 20 cm, and then leveled with
a harrow. The sowing of winter wheat occurred on October 24,
2020, and October 22, 2021. The harvest dates were June 2, 2020,
and June 3, 2021. Urea (46% N), calcium superphosphate (16%
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Monthly rainfall and maximum, and minimum temperature during the winter wheat growing season in 2020-2021 and 2021-2022

P,0s), and potassium sulfate (50% K,O) were used to apply N,
P, and K fertilizers, respectively. At sowing, P and K fertilizers
were applied at the rate of 120 kg ha™', while N was applied at

the sowing, jointing, and booting stages of wheat growth.

Irrigation and fertigation methods

Installation of a surface drip irrigation system with 60 cm
lateral irrigation line spacing was done with drippers 20 cm
spaced along the laterals. The discharge rate of drippers was 2.2
L h™" at 0.10-0.15 MPa working pressure. Each plot had a flow
meter installed to control the amount of irrigation water

Frontiers in Plant Science

released. Eq. (1) was used to calculate crop evapotranspiration
between two irrigation episodes:

ET, = K. x ET, (1)

where ET, = Actual crop evapotranspiration (mm d™h), K. =
Crop coefficient (according to Gao et al. (2009)), early season,
mid-season, and late season K.re 0.36, 1.19, and 0.28,
respectively). The reference evapotranspiration (ET,) was
determined following Allen et al. (1998).

The irrigation necessity (I) was computed using Equation

(2):

I = ET, - Rainfall (2)

frontiersin.org
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TABLE 1 Experimental treatment labels with different irrigation
scheduling and nitrogen application modes.

Treatment o .
Signification

label
Tz Irrigation scheduling when ETa-P reaches 30 mm
Iys Irrigation scheduling when ETa-P reaches 45 mm
No-100 100% of N at jointing/booting
Nas 75 25% of N at sowing, and 75% of N at jointing/booting
Nso.50 50% of N at sowing, and 50% of N at jointing/booting
Nys2s 75% of N at sowing, and 25% of N at jointing/booting
Ni1oo-0 100% of N at sowing

100% of slow-release fertilizer (SRF, 43% N, 240 kg
SRFig0 -1 .

ha™") at sowing

Irrigation episodes occurred whenever the overall I reached
45 or 30 mm depending on experimental treatments as
suggested by Shen et al. (2020).

Using a closed-tank fertigation system, topdressing
fertilization occurred during the winter wheat jointing/booting
stages (Abubakar et al., 2022). The SRF used in this study was
produced through the polymer coating process. The coating
material was polyolefin polymer resin with talcum powder as an
additive. The SRF coating accounted for 5.6% of the SRF mass,
the N concentration was 43%, and the release duration was 30
days (the required number of days for the SRF to release 80% of
its N at 25°C).

Field sampling and measurements

Determination of growth and yield-related
parameters

Plant height was measured from the ground surface to
plant’s tip. The spikelet was included in the plant height
during the later stages of wheat growth. Winter wheat plant
height and leaf area index (LAI) were recorded at 10 to 15-day
intervals from 10 randomly selected plants in each plot. The
method described by Zain et al. (2021) was used to calculate LAIL
A ruler was used to measure the leaf’s length and width of each
leaf from the 10 randomly selected plants, and the leaf area per

TABLE 2 Fertilizer application schedules of the experimental treatments.

Fertilization events

10.3389/fpls.2022.1105006

plant (LA) was determined using the following equation and

presented in m*:

noAL
Leaf area per plant (A) = <4=1"1
n
?:I[Ej'il(Li x W) x 0.80]
- 3)
n
A x N

LAI = % (4)

where n denotes the number of plant samples used to calculate
LA (n = 10); A, is the leaf area of the i plant; m is the number of
leaves in the i" plant, and L; and W; are the length and width of
the jth leaf in the i plant (both in cm). N denotes the number of
plants (including tillers) in 1 m of the row, and S denotes row
spacing (S = 0.2 m).

At harvest, 10 plants in each plot were taken to determine
plant height, and yield components, including spike length, the
number of grains per spike, thousand-grain weight, and the
number of grains per 10 plants. Finally, for each experimental
plot, a plants’ 1 m? area was sampled to determine the grain yield
(tha™) and aboveground biomass (t ha™"). Each experimental
plots’ grain yield was determined by weighing grains after
naturally dried to 12% moisture content. The harvest index
(HI) was calculated using the following equation:

~ Grain yield (t ha™")
" Aboveground biomass (t ha ')

Determination of gas exchange and
chlorophyll parameters

Gas exchange characteristics, such as net photosynthetic rate
(A,) and stomatal conductance (g;), were recorded using the LI-
6400XT portable gas exchange measuring system (LI-COR,
Lincoln Nebraska, USA). Three selected leaves in each plot
were measured between 9:00 and 11:00 am at 0, 7, 14, 21, and
28 days after anthesis (DAA) under the condition of 25°C, 400
umol mol™* CO, concentration, 500 wmol s™* flow rate, and
1300 mol m? s leaf chambers’ photosynthetic active radiation
(Zheng et al., 2021). The intrinsic water use efficiency (WUEI)
was computed as A,/g;. A Minolta SPAD-502 Chlorophyll Meter
was used to determine the chlorophyll content, which

Fertilizer application rate (kg ha™)

N25-75
sowing 0 60
jointing stage 120 ‘ 90
booting stage 120 ‘ 90

Frontiers in Plant Science

Nso-50 N75.25
120 180 240 240
60 30 0 0
60 30 0 0
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determines SPAD values proportional to the chlorophyll content
according to the leaf transmittance (Mehrabi and Sepaskhah,
2022). After dark adaptation for 30 min, the maximum quantum
efficiency (Fy/F,) was determined according to Xu et al. (2017).

Determination of plant nutrient content

Plant nutrient content, including total nitrogen (TN), total
phosphorus (TP), and total potassium (TK) was determined at
the Key Laboratory of Crop Water Use and Regulation, Institute
of Farmland Irrigation/Chinese Academy of Agricultural
Sciences, Xinxiang, Henan, P.R. China. TN content was
determined in plant samples using the Kjeldhal method, as
described by Bremner (1996). TP concentration was measured
using a standard method (Misra, 1968). Plant TK concentration
was extracted using a mixture of HNO; H,SO, HCLO, by
digestion and determined using a flame photometer as
described by Jackson (1973).

Statistical analysis

Standard ANOVA was used to perform the statistical
analysis in SPSS 22.0. The least significant difference (LSD)
test was used to compare the treatments among each other at
a significance level of 0.05. Two-way ANOVA was performed
where irrigation scheduling and N application modes were used
as the main factors. Person’s correlation was used to evaluate the
relationship between the wheat grain yield and various
parameters. The graphs were constructed using Origin-Pro
2021b (Origin Lab, Northampton, MA, USA).

Results
Seasonal variation of crop growth

The temporal variations in plant growth parameters (plant
height and leaf area index) of winter wheat under various N and
irrigation scheduling during the 2020-2021 and 2021-2022
growing seasons are presented in Figures 2, 3. The curves of
plant height shows similar trend under the various N and
irrigation scheduling during both wheat-growing seasons
(Figure 2). From all the experimental treatments, plant height
increases from sowing to reach its maximum at the maturity of
winter wheat. At winter wheat maturity, the highest plant height
was observed in SRF o treatment under both irrigation regimes
and during both growing seasons. The lowest plant height was
obtained with Nj_1o9 treatment under both irrigation regime and
during both growing seasons (Figure 2).

The curves for leaf area index (LAI) showed similar patterns
under the various N and irrigation scheduling during both
wheat-growing seasons (Figure 3). With all the experimental
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treatments, LAl increases from sowing to reach its maximum at
around 120 Julian days of the growing season and then decrease.
At winter wheat maturity, the highest LAI was observed in N
so treatment under both irrigation regimes and during both
growing seasons. The lowest LAI index was observed in N 199
treatment at early growth stages (returning green and jointing)
under the different irrigation scheduling and during both
growing seasons (Figure 3). The optimum variations in plant
height and LAI were observed from the I,5Nso50 treatment
during both winter wheat growing seasons.

Grain yield and its components

Different N and irrigation scheduling significantly (P<0.05)
affect grain yield during the two winter wheat growing seasons
(Table 3). During both winter wheat-growing seasons, the
I4sNsg.50 treatment showed the highest grain yield with 9.72
and 9.94 t ha™' in 2020-2021 and 2021-2022, respectively. The
grain yield of I,5Nsq_so and I1;5SRF; o were significantly (P<0.05)
similar during both seasons. The lowest grain yield was obtained
with the I30Ny_ 100 during both growing seasons with 7.08 and
7.53 tha ' in 2020-2021 and 2021-2022, respectively. Across the
two winter wheat-growing seasons, different irrigation
scheduling and N application modes significantly affected
winter wheat grain yield, but their interaction was
insignificant (Table 3).

Data given in Table 4 presents the influence of different
irrigation scheduling and N application modes on winter wheat
yield components during the two consecutive growing seasons.
Compared with the Njg0 ¢ treatment under different irrigation
regimes and during both growing seasons, the split applications
of N significantly (P<0.05) increased yield components,
including spike length (SL), number of grains per spike (GS),
and thousand-grain weight (TGW). I45N50.50 treatment
significantly (P<0.05) increased the number of grains per 10
plants (G 10 plants™') when compared to I45No. 100s I30No-1005
and I530N 9. during both winter wheat-growing seasons. Across
the two winter wheat-growing seasons, except for the number of
grains per 10 plants, different irrigation scheduling and N
application modes significantly affected winter wheat yield
components, but their interaction was insignificant (Table 4).
The I4sNsq.50 treatment results in the highest grain yield and
yield components during both winter wheat growing seasons.

Aboveground biomass and harvest index
The influence of different irrigation scheduling and N
application modes on winter wheat aboveground biomass

(ABM) during the 2020-2021 and 2021-2022 growing seasons
is presented in Table 5. The winter wheat ABM accumulation

frontiersin.org
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Variation of plant height under different irrigation scheduling and nitrogen application modes during 2020-2021 and 2021-2022 winter wheat-

growing seasons.

shows a similar trend during both seasons. Compared to Ny 00,
the N fertigation rate of N5 5, significantly (P<0.05) increased
the wheat ABM under both water regimes and growing seasons.
The 145Nsq 50 treatment shows the highest ABM accumulation
with 19.41 and 20.41 t ha™' in 2020-2021 and 2021-2022,
respectively. The I30Ng 199 treatment shows the lowest ABM
accumulation with 12.45 and 13.44 t ha™' in 2020-2021 and
2021-2022, respectively. Across the two winter wheat-growing
years, different irrigation scheduling and N application modes
significantly affected winter wheat ABM accumulation, but their
interaction was insignificant (Table 5).

Data presented in Table 6 indicates the Influence of different
irrigation scheduling and N application modes on winter wheat
harvest index (HI) during the 2020-2021 and 2021-2022 growing
seasons. The I30N_ ;oo treatments show the highest HI of 0.58
and 0.58 in 2020-2021 and 2021-2022, respectively and then
follows by I;5Ns54 5o with a HI of 0.50 and 0.48 in 2020-2021 and
2021-2022, respectively. Across the two winter wheat-growing
years, different irrigation scheduling and N application modes as
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well as their interactions insignificantly affected winter wheat HI
(Table 6). During both winter wheat growing seasons, the
I45Ns0.50 treatment shows the highest ABM accumulation,
while the I30Ng 0 treatment shows the highest HI.

Leaf photosynthetic parameters

Gas exchange charactheristics, including net photosynthetic
rate (A,), stomatal conductance (g;), and instantaneous water
use efficiency (iWUE) of winter wheat leaves were affected by
different irrigation scheduling and split N applications
(Figure 4). From 0 to 14-days after anthesis, A, and g
continually rise to reach their maximum from all experimental
treatments under different irrigation scheduling and N
application modes and during both growing seasons. From 14
to 28-days after anthesis, A, and g.continually decrease from all
experimental treatments under different irrigation scheduling
and N application modes and during both growing seasons.
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From 0 to 28-days after anthesis, the highest values of A, and
gswere observed in the Nso50 and SRF;qo treatments under
different irrigation scheduling and N application modes and
during both growing seasons. From 0 to 28-days after anthesis,
the Np.100 and SRFq, treatments show the highest values of
WUE:i from all experimental treatments under 30 mm irrigation
scheduling with different N application modes and during both
growing seasons (Figure 4). The post anthesis gas exchange
charactheristics remain higher under the I;5Ns 5o treatment
during both winter wheat growing seasons.

SPAD chlorophyll and chlorophyll
fluorescence

Data presented in Figure 5, indicate that different irrigation
scheduling and N application modes significantly (P<0.05)
affected winter wheat SPAD chlorophyll content. Except for
the 1,5SRF;qo treatment, the I;5N5o-50 treatment significantly

Frontiers in Plant Science

08

(P<0.05) increased the SPAD chlorophyll content compared to
other experimental treatments during both growing seasons. The
I45N50-50 treatment shows the highest SPAD chlorophyll content
with 70.05 and 68.61 in 2020-2021 and 2021-2022, respectively.
The I30Ng-100 treatment shows the lowest SPAD chlorophyll
content with 41.38 and 44.63 in 2020-2021 and 2021-2022,
respectively. Winter wheat SPAD chlorophyll content was
significantly (P<0.05) decreased by 40.92 and 34.95% in 2020-
2021 and 2021-2022, respectively when comparing I;sNsg-50 to
I30Ng-10 treatment.

Chlorophyll fluorescence (Fy/F)) was significantly
(P<0.05) affected by different irrigation scheduling and N
application modes during both growing seasons (Figure 6).
During the 2020-2021 winter wheat-growing season,
compared to the I45Ns54-50 treatment, Fy/F was significantly
(P<0.05) decreased by 15.05% under the I30Ny-;¢0 treatment.
During the 2021-2022 growing season, compared to the
145SRF ;oo treatment, Fy/Fywas significantly (P<0.05)
decreased by 14.95% in the I30Ny-;¢o treatment. The 1,5Nsq-
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TABLE 3 Influence of different irrigation scheduling and nitrogen application modes on winter wheat grain yield (t ha™) during 2020-2021 and
2021-2022 growing seasons.

Season Treatment
Lis 7.23% 9.02%° 9.72° 8.23bcd 8.11b<de 9.12%
Lo 7.08° 8.070<de 8.53% 7.59¢de 7.51¢d¢ 8.11bcde
2020-2021 I e
N bk
IxN ns
Lis 7.79 < 9.43% 9.94°% 8.79%0<d 8.66°4 9.88%
2021-2022 Lo 7.534 8.54 bed 9.01°¢ 7.87°¢ 8.09%¢ 8.66°°<4
I ok
N ok
IxN ns
I; Irrigation level, N; Nitrogen application mode, Each value indicates the mean of three replicates and the different letters within the row and column represent a significant difference at
P< 0.05. Significance level = ns (non-significant at P< 0.05), * (P< 0.05), ** (P< 0.01), and *** (P< 0.001).

5o treatment shows had the highest value (8.932) of Fy/Fyin
2020-2021, while the I;5SRF;¢o treatment shows the highest
value (8.961) of Fy/Fyzin 2021-2022. The I3)Ng-1¢o treatment
shows the lowest values of Fy/Fy; with 7.587 and 7.621 in

2020-2021 and 2021-2022, respectively. (Figure 6). The
I,5Nsg-50 treatment shows the highest SPAD chlorophyll
content and (Fy/F,) during both winter wheat
growing seasons.

TABLE 4 Interactive effect of different irrigation scheduling and nitrogen application modes on winter wheat yield components during 2020-
2021 and 2021-2022 growing seasons.

Season 2020-2021 2021-2022

Treatment SL (cm) GS TGW (g) G 10plamts’l SL (cm) GS TGW (g) G 10plants’l
145N0-100 7.74% 31.66° 48.29% 374.3° 7.79% 33.05% 49.66° 378.8°
145N25-75 8.81°° 36.60° 51.67°% 425% 8.88° 37.02% 52,8904 430.9%°
145N50-50 8.93° 38.56° 52,95 448.33° 8.98° 39.35° 53.85° 451.23°
145N75-25 8.75" 35,93 51.62% 410" 8.81%" 36.60* 53.20° 4124
145N100-0 8.72% 35,67 51.42%¢ 403 8.76% 36.56% 52,01°%b<de 406.9°°
145SRF100 8.92° 36.96" 52,34 426% 8.97° 37.85% 53.07°%¢ 432.7%°
130N0-100 7.28° 29.53¢ 47.72° 372° 7.34° 30.99° 48.98 377.7°
130N25-75 8.50" 35.20% 49,734 390.3%° 8.56" 36.47% 50,644 396.6"
130N50-50 8.69%° 35.60" 50.89°> 402.3% 8.71% 36.39% 5243304 407.9%
130N75-25 8.33% 34.80* 49.66°%¢ 389.7% 836> 3574 50.47°4<f 393.8%
130N100-0 8.04% 34.53¢ 49.48°4¢ 379.7° 8.06° 34.98% 50.38%¢ 386.2°
130-SRF100 8.62%° 35.60° 50.45°4 394.3% 8.69%° 36.63% 51.5730cdef 398.6%°

I % ot ot * % % *t ns

N % A% *t ns ok A% bad ns
IxN ns ns ns ns ns ns ns ns

SL; Spike length, GS; Number of grains per spike, TGW; Thousand-grain weight, G 10plants™'; Number of grains per ten plants. Each value indicates the mean of three replicates and the
different letters within a column represent a significant difference at P< 0.05. Significance level = ns (non-significant at P< 0.05), * (P< 0.05), ** (P< 0.01), and *** (P< 0.001).
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TABLE 5 Influence of different irrigation scheduling and nitrogen application modes on winter wheat aboveground biomass (t ha™%) during 2020-
2021 and 2021-2022 growing seasons.

Season Treatment N100-0 SRF100
Lis 14.69° 19%® 19.41° 18.72%¢ 17.73%<4 19.11%°
Lo 12.45° 16.535d¢ 18.46%%4 16.32°% 15.89% 17.19%bcde
2020-2021 I o
N ot
IxN ns
Lis 15365 ‘ 19.45% ‘ 20.41° ‘ 19.79% ‘ 19.39% 2047
Lo 13.44¢ ‘ 17.65%¢ ‘ 18.95% ‘ 17.19% ‘ 17.38% 18.41%°
2021-2022 I o
N ot
IxN ns

1, Irrigation level; N, Nitrogen application mode; Each value indicates the mean of three replicates and the different letters within the row and column represent a significant difference at
P< 0.05. Significance level = ns (non-significant at P< 0.05), * (P< 0.05), ** (P< 0.01), and *** (P< 0.001).

Winter wheat nutrient content

As shown in Table 7, during the 2020-2021 and 2021-2022
winter wheat-growing years, the interactive effect of different
irrigation scheduling and N application modes significantly
(P<0.05) affected winter wheat nutrient content, including
total nitrogen (TN), total phosphorus (TP), and total
potassium (TK). Compared to the I30Ng_ oo treatment, the
I,sNs0.50 treatment significantly (P<0.05) enhanced the TN
content by 42.48 and 35.81% in 2020-2021 and 2021-2022,
respectively. The I1;5SRFgo treatment significantly (P<0.05)
increased the TP content by 38.4 and 36.12% in 2020-2021

and 2021-2022, respectively in comparison with the 130Ny 100
treatment. With the application of The 145Ns(-5¢ treatment, the
TK content significantly (P<0.05) increased by 31.45 and 32.61%
in 2020-2021 and 2021-2022, respectively when compared to the
I30Ng 100 treatment. The highest values of TN, TP, and TK
content were obtained with the I,5N50-50, I45SRF; 00, and I45N50-
5o treatments, respectively during both winter wheat-growing
seasons. The lowest values of TN, TP, and TK content were all
obtained with the I50Np-1qo treatment during both winter wheat
growing seasons. The interactive effect of different irrigation
scheduling and N application modes significantly affected TN
content, while insignificantly affected TP and TK content during

TABLE 6 Influence of different irrigation scheduling and nitrogen application modes on winter wheat harvest index during 2020-2021 and 2021-
2022 growing seasons.

Treatment N75.5
Lis 0.49% 0.50% 0.44° 0.46° 0.47°
Lo 0.58° 0.46° 0.46° 0.47° 0.47°
2020-2021 I ns
N ns
IxN ns
Lis 0.50* 048" 048" 0.44° 0.44" 0.48%
Lo 0.58° 0.48% 0.47% 0.45° 0.46% 0.47%
2021-2022 I ns
N ns
IxN ns

1, Irrigation level; N, Nitrogen application mode; Each value indicates the mean of three replicates and the different letters within the row and column represent a significant difference at

P< 0.05. Significance level = ns stands for non-significant at P< 0.05.
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FIGURE 4

Effects of different irrigation scheduling and nitrogen application modes on photosynthetic capacity during 2020-2021 and 2021-2022 winter
wheat-growing seasons. 145 = Irrigation scheduling at 45 mm, 130 = Irrigation scheduling at 30 mm.

both winter wheat-growing seasons (Table 7). The I4;sNsq 50 and
I,5SRF,o, are the most favorable treatments for nutrient
accumulations during both winter wheat growing seasons.

Polynomial relationship between grain
yield and various parameters

The data of winter wheat grain yield response to various
parameters under different irrigation scheduling and N
application modes during the 2020-2021 and 2021-2022
growing seasons are presented in Figure 7. It is observed that
during both winter wheat-growing seasons, grain yield increases
with the increase of top dressing N fertigation rate from 0 to 50%
and then decreases from 50 to 100% (Figure 7). In this study,
there are close correlations between grain yield and fertigation
rate (R* of 0.61 and 0.53 for both seasons), grain yield and plant
TN content (R* of 0.68 and 0.62 for both seasons), grain yield
and A, (R? of 0.79 and 0.73 for both seasons), grain yield and
SPAD chlorophyll content (R? 0f0.83 and 0.78 for both seasons),
grain yield and Fy/Fy (R® of 0.77 and 0.73 for both seasons), and
grain yield and TGW (R® of 0.66 and 0.58 for both seasons).
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During both winter wheat-growing seasons, grain yield
significantly correlated with the fertigation rate, plant TN
content, A,, SPAD chlorophyll content, Fy/Fy, and
TGW (Figure 7).

Discussion

Effect of different N and irrigation
scheduling on crop growth and biomass
accumulation

Plant growth parameters such as plant height and LAI are
key characteristics of crop growth and development. N is among
the most necessary plant nutrients that influence crop growth
and development (Li et al., 2019a). Previous studies
demonstrated that N availability positively affected crop
growth and development, while water deficit negatively
affected crop growth and development (Abrar et al.,, 2020; Si
et al,, 2020; Zain et al,, 2021). The experimental results of the
current study also indicated a significant improvement in plant
height and LAI by increasing the irrigation quota. Enhancing
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represent a significant difference at P< 0.05.

the quota of irrigation suggests more water application, better
moisture conditions in the soil, a shorter period of water deficit,
and more crop evapotranspiration, which all benefit plant
growth (Kharrou et al, 2011). As stated by Farooq et al.
(2009), a lack of water and N induces a significant reduction
in cell processes, including cell elongation, duration of cell
elongation, and cell division, resulting in a reduction in leaf
area. Previous studies also demonstrated that reasonable N
fertilizer allocation at various wheat growth stages is essential
for wheat growth under a defined fertilization rate (Zain et al,
2021; Abubakar et al., 2022). In the current study, in comparison
with other irrigation and N scheduling treatments, the I;5Ns 5o
and I,5SFR treatments had the highest plant height and LAI
during all wheat growth stages. This is in line with the findings of
Abubakar et al. (2022), who reported in a recent study that split
application of N in a Nsq 5, ratio is beneficial for plant height
and LAI improvement during all wheat growth stages.
According to Ma et al. (2021), adequate N fertilizer supply
guaranteed a rational soil inorganic N distribution for meeting
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crop growth requirements, decreased N losses at the early
growth stages, and enhanced wheat biomass accumulation at
later groining stages.

Aboveground biomass (ABM) is a significant indication of
crop growth and development. ABM is the material basis of
grain yield because it exhaustively represents the overall
contribution of plant height, LAIL, and plant density. In the
present study, the highest ABM was obtained under the I;5Nsq 5o
and I,;sSFR;q treatments during both winter wheat-growing
seasons, implying that under these treatments the optimal N
amount was applied for better winter wheat growth. The goal of
the topdressing N fertilization was to enhance post-anthesis
biomass accumulation, which is a beneficial method of
enhancing crop yield (Wang et al,, 2016). In the current study,
I45N50.50 and I;sSFR;g treatments provided the required N at
crucial winter wheat growth stages, resulting in higher ABM
accumulation (Table 5). These findings are in harmony with
other researchers’ experimental results (Zhang et al., 2013; Li
et al., 2016; Jha et al., 2019).
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Effect of different N and irrigation
scheduling on grain yield and its
components

The overall goal of this study was to develop an appropriate N
application scheduling to improve winter wheat grain yield under
different water regimes. In the present study, with the same
irrigation regime, the Nsgso and SRF;o treatments resulted in
similar grain yields during both winter wheat-growing seasons
(Table 3). The current study also revealed that irrigating the
wheat crop whenever the actual evapotranspiration (ETa-P)
reaches 45 mm and split application of N at Nsq_ 5, is the optional
fertigation method to achieve a better grain yield. Under the
irrigation scheduling of 45 mm, the split application of N at N5,
5o significantly (P<0.05) increased winter wheat grain yield by 25.62
and 21.63% in 2020/2021 and 2021/2022, respectively as compared
to the treatment which applied 100% of the N at jointing and
booting (Ng_100). Under the same irrigation regime, the SRFqo
increased winter wheat grain yield by 20.72 and 21.15, respectively

Frontiers in Plant Science 13

compared to Ny ;9. Based on correlation analysis, Abubakar et al.
(2022) stated that the cause for the grain yield enhancement under
this fertigation method is that the treatment strongly affected the
yield components. Similarly, in the present study, the winter wheat
grain yield was observed to strongly correlate with the thousand-
grain weight. In harmony with the findings of the present study,
Liang et al. (2017) and Zhang et al. (2017) reported that excessive
fertilization at the later growth stages leads to prolonged growth,
poor grain filling, delayed maturity, and ultimately decreased
grain yield.

Adequate irrigation scheduling and split N management are
beneficial to improve winter wheat yield components. In this study,
split N management played an important role in enhancing yield
components, including spike lent (SL), number of grains per spike
(SG), thousand-grain weight (TGW), and number of grains per 10
plants (G 10plants™). Zain et al. (2021) found that managing
appropriately the percentage of top-dressing N and applying
more N at late stages of wheat growth helps to achieve high SG
and TGW. In the present study, the I4sNsqs0 and I4;sSRFq0
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TABLE 7 Interactive effect of different irrigation scheduling and nitrogen application modes on winter wheat nutrient content during 2020-2021
and 2021-2022 growing seasons.

Season 2020-2021 2021-2022
Treatment Total N(mgg™') TotalP(mgg™') TotalK(mgg™") TotalN(mgg') TotalP(mgg™") TotalK(mgg™
145N0-100 27468 3.35% 2493 30.17" 3.83%% 26.99
145N25-75 36.92 3.94% 28.89%° 38.76" 469" 30.70%
145N50-50 45.85° 401° 32.46" 46.49* 456" 34.00°
145N75-25 32.92°4 3,720 27.62> 35.27°4 4,384 28.55"
145N100-0 29.32¢feh 3,607 27.35% 31.41° 3.71% 29.45%
145SRF100 40.56" 513 29.90° 4255 5.62° 31.16%
130N0-100 26.37" 3.16° 22.25¢ 29.84" 3.59¢ 2291¢
130N25-75 30.75°% 3,48 26.28>¢ 32.66%" 3.950¢de 27.61%
130N50-50 35,03 3.90% 28,62 37.28% 435 29.80%
130N75-25 29.24°feh 3.47°4 26.04"¢ 3221 3.94%4¢ 28.40°
130N100-0 28.15%" 3.45%¢ 25.34< 29.98" 4,04 26.46"
130-SRF100 31.70%¢ 491° 26.96" 33.86%F 5.69* 28.13"

I ooh % - - s -

N - - - ot - -

IxN i ns ns * ns ns

1, Irrigation level; N, Nitrogen application mode; Each value indicates the mean of three replicates and the different letters within a column represent a significant difference at P< 0.05.
Significance level = ns (non-significant at P< 0.05), * (P< 0.05), ** (P< 0.01), and *** (P< 0.001).

treatments resulted in an obvious improvement in yield
components in comparison with the other experimental
treatments during both winter wheat-growing seasons (Table 4).
Results of the current study demonstrated that a 100% topdressing
N is not beneficial for improving winter wheat yield components.
These findings are in line with those of previous studies on the effect
of split N management in winter wheat fields (Zain et al,, 2021;
Abubakar et al,, 2022). Liu et al. (2019) also reported that reducing
the basal rate and increasing the N application rate at the jointing
and booting stages significantly enhanced the yield components,
and ultimately, the grain yield. The yield component patterns
indicated that a balancing strategy for N split application is
recommended. However, the results of this study showed that the
SRF o treatment was very competitive with N split application.

Effect of different N and irrigation
scheduling on leaf photosynthetic
parameters

Several previous studies have reported that photosynthetic

capacity is the main factor determining wheat grain yield after
anthesis (Tian et al, 2012; Zhang et al., 2020). Fang et al. (2018)
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confirmed that this capacity is directly related to the application of
N fertilizer and irrigation. Consistently, the results of the current
study proved that under an irrigation quota of 45 mm, a N 5, ratio
of basal-top-dressing N and SRF;o at sowing could enhance the
post-anthesis winter wheat leaves photosynthetic capacity, which is
directly beneficial in terms of increasing grain yield. Figure 7
revealed a strong relationship between winter wheat grain yield
and photosynthetic capacity during both growing seasons. This
influence may also be attributed to the fact that a reasonable basal-
top dressing N ratio can improve N accumulation in leaves, which is
significantly positively correlated with chlorophyll activity and
improve photosynthetic capacity (Li et al., 2013).

Effect of different N and irrigation
scheduling on SPAD chlorophyll and
chlorophyll fluorescence

SPAD-measured values can be used to determine leaf
functional status and nutrient content (Wang et al, 2018;
Yang et al., 2018; Li et al., 2019b). The current paper analyzed
the distribution of winter wheat leaf SPAD content among
treatments under different irrigation scheduling and N
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Winter wheat grain yield response to various parameters during the 2020-2021 and 2021-2022 growing seasons.

application modes (Figure 5). Kitonyo et al. (2018) reported that
high SPAD chlorophyll values indicate a sustained high
photosynthetic rate A,. Consistently, in this study, under the
irrigation quota of 45 mm, the N5 s, ratio of basal-top-dressing
simultaneously resulted in a maximum SPAD chlorophyll
content (Figure 5) and maximum A, (Figure 4) during both
growing seasons. The post-anthesis increase in the maximal
photochemical efficiency of photosystem II (Fy/F,;) of wheat
leaves provides further support for this hypothesis. Although
previous research has shown that appropriate irrigation is an
essential tool for efficient photosynthetic capacity, the current
study indicates that variation in irrigation regimes had no
significant influences on the Fy/F), of wheat eaves after
anthesis (Figure 6). However, treatment with the optimal
combination Nsg 50 basal-top-dressing N ratio and irrigation
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scheduling at 45 mm was associated with the highest Fy/Fy,.
These findings suggest that the N 5o basal-top-dressing N ratio
and irrigation scheduling at 45 mm improve PSII efficiency,
which could increase photosynthesis capacity by enhancing
energy transport from PSII to PSI.

Effect of different N and irrigation
scheduling on nutrient content

Nitrogen (N), phosphorus (P), and potassium (K) are the
three main essential nutrients that plants require for optimum
growth and development. During the life cycle, an insufficiency
of any of these nutrients has a deleterious impact on plant
growth and development (Khalofah et al., 2022). N plays an
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important role in plants’ vegetative growth, synthesis of
chlorophyll, and subsequently in photosynthesis (Duarah
et al, 2011; Khan et al,, 2012). P is involved in the released
energy storage and transfer during photosynthetic activity, and
its deficit delays plant maturity (Khalofah et al., 2022). In the
current study, compared to the 130Ny treatment, the I4sNs 50
treatment significantly (P<0.05) increased plant total N content
by 38.6 and 35.51% in 2020-2021 and 2021-2022, respectively,
and significantly (P<0.05) increased plant total K content by
21.93 and 22.18% in 2020-2021 and 2021-2022, respectively. The
highest concentrations of total P were obtained under the
1,sSRF; 00 and I5oSRF o in 2020-2021 and 2021-2022,
respectively (Table 7). Consistently with the findings of the
present study, Zhang et al. (2020) found that top-dressing N
application significantly increased plant N concentration under
different irrigation regimes. The results of the current study are
also similar to the findings of Shedeed et al. (2009), who found
that split application of urea (46% N, 200 kg ha™") significantly
affected tomato plants’ total NPK uptake under drip irrigation
scheduling. (Alhaj Hamoud et al., 2019) demonstrated that rice
N, P and K uptake were affected by different irrigation regimes.

Conclusion

To summarize, the present study investigated the effects of split
N fertilizer application and different irrigation on winter wheat
growth, grain yield, photosynthetic capacity, chlorophyll
fluorescence, and nutrient accumulations. The two consecutive
years (2020-2021 and 2021-2022) study showed that different
irrigation scheduling and N application modes significantly
affected winter wheat growth, yield, and photosynthetic capacity.
Collectively, the results of the current study confirm that under
various irrigation, splitting the urea (46% N, 240 kg ha™') at 50% at
sowing and 50% from jointing to booting stages positively affected
drip-irrigated winter wheat. The 145N 50 and I;5SRF o treatments
resulted in the highest grain yield, aboveground biomass, net
photosynthetic rate, stomatal conductance, SPAD chlorophyll
content, and chlorophyll fluorescence (Fy/F,). Therefore, this
study concludes that treatments based on I45Ns 5 is an optional
choice for winter wheat production in the North China Plain. The
present study shows that an optimized split N fertilizer application
could help to sustain a better winter wheat physiological growth and
yield formation. This study’s findings also indicated that using slow-
release fertilizer (SRF) to replace N application is a promising
method because it could offset the costs due to its single-time
application of urea. Additional studies should be conducted to
assess soil water-nitrogen use efficiency, soil microbial community
activities, soil water and N dynamics, as well as the quantification of
N losses through emissions and leaching.
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