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Abstract: Irrigation has been pivotal in sustaining wheat as a major food crop in the world and is
increasingly important as an adaptation response to climate change. In the context of agricultural
production responding to climate change, improved irrigation management plays a significant role in
increasing water productivity (WP) and maintaining the sustainable development of water resources.
Considering that wheat is a major crop cultivated in arid and semi-arid regions, which consumes
high amounts of irrigation water, developing wheat irrigation management with high efficiency is
urgently required. Both irrigation scheduling and irrigation methods intricately influence wheat
physiology, affect plant growth and development, and regulate grain yield and quality. In this frame,
this review aims to provide a critical analysis of the regulation mechanism of irrigation management
on wheat physiology, plant growth and yield formation, and grain quality. Considering the key traits
involved in wheat water uptake and utilization efficiency, we suggest a series of future perspectives
that could enhance the irrigation efficiency of wheat.

Keywords: wheat; irrigation management; water productivity; physiology; yield and quality

1. Introduction

Wheat (Triticum aestivum L.) is one of the major crops and occupies an essential position
in agricultural production, providing around 20% of calories and protein in the human
diet [1]. Global wheat production is approximately 761 Mt in 2020 [1]. In order to meet the
expected global grain demand by 2050, wheat production must be improved continuously
in the context of climate change [2]. Van Dijk et al. [3] suggested that grain production
should be increased by 35–56% to meet global food demand by 2050, by 30–62% when
accounting for climate change. Water shortages, low precipitation, and drought stress occur
regularly during wheat growing periods in arid and semi-arid regions which affect wheat
performance through the reduction of plant growth parameters and disturbance of the crop
water relations, limit the development of root system, alter physiological processes such as
photosynthesis and respiration [4] and ultimately, affect wheat production, grain quality,
and water productivity (WP) [5].

Water deficit is widely reported for global wheat production. In the North China
Plain (NCP) of China, the Texas High Plains of USA, and the semiarid regions of Iran,
water scarcity is the main constraint influencing wheat production [6–8]. Irrigation is an
important agronomic practice to meet the normal demand for wheat production, especially
in arid and semiarid regions. At present, water resources available for irrigation are very
limited and how to irrigate the limited water to obtain the most benefit per unit of water
is a great important issue. It is necessary of developing water-saving irrigation theories
and technologies to maintain sustainable wheat production and improve WP [9]. In this
paper, we reviewed the advance in the regulation of irrigation methods and irrigation
management on wheat physiological properties, yield and components and grain quality.
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2. Effects of Irrigation Management on Wheat Physiology

With the increasing in water shortage, several water-saving irrigation patterns in
winter wheat have been practiced widely, different irrigation methods and irrigation
scheduling regulate wheat physiology in different aspects which cause different impacts on
wheat growth and water utilization. There is an introduced focus on the effects of different
irrigation patterns on the regulation of wheat physiological as follows.

2.1. Deficit Irrigation

Deficit irrigation is an important water-saving practice in irrigated agriculture. Deficit
irrigation technology can save water resources while maintaining or even improving yield
by balancing the relationship between reproductive and vegetative growth [9,10]. Appro-
priate irrigation scheduling of deficit irrigation is important to promote crop yield and WP.
Regulating the amount and frequencies of irrigation water and irrigation during periods of
greatest crop demand all have the potential to reduce water losses while maintaining or
improving yield [11]. The efficacy of irrigation scheduling in deficit irrigation depends on
the irrigation amount [12]. Some studies reported that the increase in irrigation amount
increased the leaf water potential, stomatal conductance (Gs) and photosynthesis [13], but
large irrigation amount with long irrigation intervals produce an alternation of excess
water supply and water deficit stress, which increases Gs and transpiration for a short time
right after irrigation and reduces leaf water potential and photosynthesis before the next
irrigation [14]. However, increasing irrigation frequency changes the spatial distribution
of soil water, soil water storage, and soil temperature, promotes root growth [15], regu-
lates stomatal movement, and reduces transpiration, then improves grain and WP [16].
In addition, several studies have stated that with the same irrigation amount, different
irrigation frequencies produced different impacts on the physiological processes of wheat.
Chen et al. [17] mentioned that 7 d irrigation intervals led to a higher wheat grain yield
than 13 d and 10 d irrigation intervals because of increased wheat root length and root
weight significantly, resulting in a change in photosynthetic capacity. While Jana et al. [18]
suggested that when receiving a similar amount of water, compared with irrigation once
a week, irrigation three times a week attained a high wheat yield because of a higher
maximum quantum yield of photosystem II (Fv/Fm). The different conclusions may be
explained by the difference in soil properties and irrigation volume.

Irrigation during periods of high wheat demand for water has significant effects
on wheat growth, grain yield, and WP. The soil water status at different growth stages
have different effects on the photosynthetic, physiological characteristics, and grain
yield [19,20]. Cao et al. [21] showed that winter wheat irrigated at the heading and grain-
filling stages have a higher grain yield because of the largest leaf vitro rate of water loss,
Gs and leaf water potential. Xue et al. [22] reported that irrigation between jointing and
anthesis periods significantly increased wheat yield by increasing photosynthesis and
remobilizing pre-anthesis carbon reserves. Supplemental irrigation during critical stages
of crop development has been used to save water and maintain or improve grain yield in
rainfed wheat [10,16]. Tadayon et al. [23] found that supplemental irrigation at the stem
elongation stage of rainfed wheat can obtain the highest grain yield, which is attributed
to a higher photosynthetic and transpiration rate, Gs and substomatal CO2 concentration.
Ali et al. [24] showed that the photosynthesis, chlorophyll content, and WP of winter
wheat significantly increased with the increase in supplemental irrigation at the jointing,
flowering, and grain-filling growth stages under the limited water resources condition. In
addition, it has been reported that the application of supplemental irrigation at flowering
and grain filling stages with deficit irrigation 75% saved irrigation water and resulted in
a lower reduction of grain yield compared with 100% of irrigation through maintaining
chlorophyll content and Gs [25].
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2.2. Regulated Deficit Irrigation

Regulated deficit irrigation is an effective irrigation management technology when
irrigation water is scarce. Its core involves in the adjustment of irrigation water based on the
phenological period and physiological characteristics of crops [26]. Hence, it is important
to understand the water stress responses and physiological mechanisms for water stress
resistance of wheat during different growth periods. Several researchers found that winter
wheat was highly resistant to moderate water stress before jointing and many negative
effects of water stress can be eliminated after rehydration, such as photosynthesis and
transpiration rates can quickly recover, or even exceed the values before water stress [27].
Xue et al. [22] found that short-term drought at different stages after the jointing stage
could reduce wheat yield because of reduced photosynthetic rate and lead to an increase in
catalase and peroxidase activities and an increase in malondialdehyde and proline contents.
Wu et al. [28] stated that water scarcity during flowering and grain-filling stages can
inhibit and reduce photosynthesis and increase leaf senescence, which may diminish the
contribution of pre-anthesis assimilates to yield. Some researchers found that no irrigation
at the reviving and jointing stages could improve leaf photosynthetic traits by increasing
Gs, Fv/Fm, and the effective quantum yield of PS II (ΦPSII), thus increasing grain yield [21].

To realize the goal of attaining high yield and saving water of regulated deficit irriga-
tion, it is needed not only for the appropriate irrigation period but also a grasp of the degree
of water deficit. Some scholars showed that the transpiration rate was very sensitive to soil
water deficit and in a mild water stress condition, the transpiration rate decreased with
increasing water deficit while the photosynthesis rate remained unchanged [29], ultimately,
improving WP without significantly impacting photosynthesis and yield [30]. Moreover,
Kang et al. [10] also reported that spring wheat receiving reduced irrigation water by about
20% during early vegetative stages produced a grain yield equal to or greater than the
wheat that was fully irrigated. This is a result of regulating the water deficit at the appropri-
ate time to significantly inhibit the transpiration rate without decreasing the photosynthetic
rate significantly, ultimately, WP is increased.

In addition, some studies have also shown that regulated deficit irrigation can change
stomatal opening by controlling the growth of plant roots and then affecting leaf water
potential. When the soil water is scarce, the wheat root tip responded rapidly to the change
of soil moisture to synthesize ABA and transported it through the xylem to the leaves by
transpiration stream, then regulated stomatal opening to control the gas exchange between
plants and the atmosphere, then reduced the water consumption of wheat. As a result, WP
can be improved [31,32].

2.3. Alternate Furrow Irrigation

Furrow irrigation has been shown to improve the efficiency of irrigation by planting
crops by furrow and ridge in a field [33]. Several researchers showed that compared with
traditional irrigation, furrow irrigation saved water and increased yield due to higher soil
water content and soil temperature [34,35], which increased leaf area index, photosynthesis
rate, Gs, dry matter accumulation and yield [36,37]. Ali et al. [38] also showed that
furrow-irrigation significantly improved soil water content to increase the chlorophyll
fluorescence parameters, such as quantum yield of PSII (ΦPSII), electron transport rate (ETR),
the performance index of photosynthetic PSII (Fv/Fm) and transformation energy potential
of PSII (Fv/Fo) which were significantly positively associated with the photosynthesis,
biomass, and yield production.

Alternate furrow irrigation as an approach to partial root-zone drying irrigation is
applied through crops planted on ridges and water is applied in furrows to wet only part
of the bed. Alternate furrow irrigation requires parts of the root zone to be dried and
wetted alternately [10] and water uptake from the wet side of the root system to maintain
a favorable plant water status for meeting crop normal growth, while the part of the root
system in dry side generates a root-sourced signal (ABA) is transmitted to the shoot, where
it inhibits the stomata opening so that water loss is reduced and WP is improved [39].
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Another mechanism for improving WP is to promote root growth, enhance water uptake
capacity and decrease water loss. For example, Du et al. [40] showed that in comparison
with conventional irrigation, alternate furrow irrigation increased root length density,
decreased water potentials and Gs, reduced growth redundancy, changed the distribution
of carbon assimilates, and ultimately, increased production [10].

Numerous results indicated that if the Gs was properly reduced, the changing trend
of photosynthesis was inconsistent with transpiration in alternate furrow irrigation. For
example, Mehrabi and Sepaskhah [36] showed that compared to traditional irrigation,
alternate furrow irrigation achieved an optimum yield with saving water resulting in Gs
decreased significantly, along with significantly reduced water loss via leaf transpiration
but not significantly reduced photosynthetic rate.

2.4. Drip Irrigation

Drip irrigation is recognized as a high-efficient water-saving irrigation technology
that has been widely used in arid and semi-arid areas. It has been gradually adopted for
winter wheat production not only due to improve yield and quality but also to increase
WP [41]. Drip irrigation uses plastic tubing to drip water to crop root zones and avoids
water loss in non-root zones [42]. Drip irrigation affects the distribution of soil water
and soil air permeability [43]. The changing of the root-zone soil environment affects
the root morphological growth and root water uptake patterns in the soil profile which
is very important for crop growth, photosynthesis, and grain production obtaining [15].
Previous reports showed that compared with traditional irrigation, there was a higher
root length density of 80 cm below the soil surface in drip irrigation, which promoted
the absorption and utilization of water in deep soil layers [42]. In addition, optimizing
irrigation amount and frequency of drip irrigation can maintain higher soil water content in
the topsoil layers where the main part of root distribution for winter wheat [44]. However,
Liu et al. [12] stated that excess irrigation frequencies create sustained wetting fronts which
leads to constraining the supplies of oxygen for the root, inhibits root growth, then limits
photosynthesis, yield formation, and water uptake. Camposeo et al. [45] concluded that
with the decrease in irrigation frequency, the root length density along the soil profile
decreased by more than 76%.

Subsurface drip irrigation (SDI) is an irrigation technology developed from surface
drip irrigation and the drip emitters are placed in a plow layer to directly pour water into
the root zone for the growth of crops. SDI has better and more stable soil water conditions
in the middle and deep soil layers. Romero et al. [46] indicated that SDI produced a
larger horizontal distribution of fine roots in the soil profile and stimulated a deeper root
development than surface drip irrigation. As well, SDI was found to manipulate rooting
depth to make full use of soil water storage [42,43], improved leaf water status, increased
photosynthetic rate, maintained transpiration rate [47] and increased light energy utilization
efficiency [48], ultimately, increased yield and WP.

Drip fertigation is highly efficient because of the direct application of water and
nitrogen within the rooting zone at very low rates, which alters the distribution of water
and nitrogen in the soil and changes the physiological and biochemical characteristics of
roots [42]. The change in the soil environment in the root zone generates the root-sourced
signal (ABA) [31], then affect the shoot through the root system [49], such as improving
wheat photosynthesis [50], biomass production [51], ultimately, it will have a positive role
in the yield and water-nitrogen use efficiency.

3. Effects of Irrigation Management on Wheat Growth and Yield
3.1. Effects of Irrigation Method on Wheat Growth and Yield

In many areas around the world, rainfall cannot meet the water demand during
the wheat growth period and supplementary irrigation is necessary to maintain wheat
production [52]. At present, traditional surface irrigation (TI) is an important irrigation from
around the world because of its advantages of simple field facility and easy implementation
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(Figure 1). For example, surface irrigation accounts for more than 85% of the total irrigated
area for winter wheat in North China. Traditionally, farmers build borders in the field and
irrigate the field along the border or use hoses to assist irrigation [53].
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Figure 1. Field schematic diagram of different surface irrigation methods. (a) Traditional irrigation
(TI), (b) Raised bed cultivation (RC), (c) High-low seedbed cultivation (HLSC). From Si, ZY. 2020.
Effects of different cultivation methods on growth and water-nitrogen use efficiency of winter wheat
(Doctoral Dissertation). Chinese Academy of Agricultural Sciences [54].

Raised bed cultivation (RC) is a planting method in which beds are raised in the field,
crops are planted on beds and irrigation is carried out in furrows [55]. RC pattern has been
applied to irrigated and dryland farming areas in many countries [53,56]. Studies have
shown that RC can effectively improve farmland micro-environment, improve soil physical
structure, reduce irrigation quota, and improve WP and nitrogen use efficiency [53,57].
Ahmadi et al. [58] revealed that full irrigation resulted in thicker and thinner roots in the
shallow soil depths of the raised bed and flat planting systems, respectively. In contrast,
under deficit irrigation and rainfed conditions, thinner and thicker roots were respec-
tively developed in the shallow soil depths of the raised bed and flat planting system.
Rady et al. [59] found that beds combined with irrigation water at 100% crop evapotran-
spiration (ETc) followed by 80% ETc significantly increased growth characteristics, grain
yield, and its components compared with TI combined with irrigation water at 60% ETc.
Devkota et al. [60] conducted experiments in Uzbekistan and showed wheat produced 12%
higher grain yields and 27% higher WP, while 11% less water was applied, under RC than
under TI. A study in Egypt showed that the adoption of RC led to a 937 kg ha−1 (12.79%)
increase in yield, an 824.63 m3 ha−1 (15.05%) reduction in irrigation water application,
5.56% increase in WP and an 11.80% reduction in downside yield risk [56].

In semiarid and arid regions where precipitation is scarce while evapotranspiration
is very large, the ridge and furrow rainwater harvesting (RFRH) planting pattern, has
been recently developed by combining plastic-film mulching with ridge-furrow planting.
Compared with TI, RFRH significantly increased the soil water storage in the early growth
stage and required 50% less irrigation water but it increased the grain yield by 3.3%, 2.4%,
and 2.8% with one application in dry, normal, and wet years, respectively [61]. Liu et al. [62]
reported that RFRH prolonged the duration of the jointing–anthesis stages and thereby
increasing the kernel number in dry semi-humid areas. In the Yangtze River Plain in China,
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the RC pattern significantly increased soil water drainage, promoted the wheat seedling
establishment and root growth, accelerated stem and tiller development, and delayed
late-season root and leaf senescence, resulting in higher grain yields [63]. Du et al. [64] also
showed that the higher wheat productivity under RC was due to the increased canopy leaf
area index (LAI) and light interception benefited from the improved early-season growth
and delayed late-season leaf senescence, which compensated for the reduced cropping area
under RC caused by the furrows.

The High-Low Seedbeds Cultivation (HLSC) pattern was developed by the Binzhou
Academy of Agricultural Sciences, Shandong Province, China, aiming to solve the problems
of low land utilization rate and light loss in the TI pattern [65]. In the HLSC, the land is
integrated into a plane alternating between high and low beds, and wheat is planted on
both beds. During irrigation, the higher beds act as the border and the irrigation is carried
out only in the lower bed. Compared with RC and TI, the HLSC significantly increased
LAI and aboveground biomass of wheat, mainly attributed to the increased effective spike
number. The grain yield of HLSC increased by 22.63% and 27.37% higher than that of TI
and RC, respectively. Furthermore, the WP of HLSC was 7.69% and 6.8% higher than that
of TI and RC respectively [66]. In the study of Wu et al. [65], two cultivars were used to
investigate how HLSC mode increased grain yield and lodging resistance compared with
TI. The results showed that the grain yield increase was mainly due to the enhanced spike
number per area, while the lodging resistance was improved through the lowered plant
height and the center of gravity height in the HLSC model.

In recent years, with the higher requirements for water-saving, efficient, and sustain-
able agricultural development, drip irrigation (DI), micro-sprinkling irrigation (MSI), and
other water-saving irrigation methods were gradually adopted in cereal crop production to
relieve severe water shortages. DI and MSI can supply water and fertilizer to root areas
at very low rates, which can help promote wheat absorption of water and nutrients [15].
Li et al. [42] reported that the grain yield of DI and MSI was improved by 9.79% and 14.1%,
WP of DI and MSI, increased by 12.3% and 17.7% and NUE of DI and MSI, increased by
9.77% and 14.0%, respectively compared with those of TI across the 3 years. Bai et al. [67]
compared the average grain yield and partial factor productivity (PFP) under the local
surface irrigation regime and found that drip fertigation of 70% of the local recommended
fertilizer dose resulted in a yield increase by 4.0% and PFP increase by 48.5%. Fang et al. [44]
reported that two irrigation applications (45 mm/application) in a season conducted using
DI significantly increased the yield and WP, compared with TI using one single irriga-
tion application at 90 mm/season. Mehmood et al. [68] found that drip irrigation at 60%
Field capacity (FC), compared with sprinkler and flood irrigation at the same schedule
level, improved grain yield by 5–8% and raised WP by about 1–8% for winter wheat.
Zhai et al. [69] reported that MSI either stabilized or significantly increased the grain yield,
while reducing irrigation water volumes by 20–40% compared to TI, regardless of the rain-
fall pattern. In the NCP, lysimeter experiments were conducted under different irrigation
treatments to account for ET in the selection of a suitable irrigation method. Subsurface
drip irrigation reduced ET by 26% compared to flood irrigation and 15% compared to
surface drip irrigation, with significantly higher grain yield and biomass formation due to
decreased evaporation losses [70]. Sidhu et al. [71] found that irrigation water savings were
48–53% in rice and 42–53% in wheat under a combination of sub-surface drip fertigation
and conservation agriculture compared to a flood irrigation system.

Partial Root-zone Drying (PRD) is an effective irrigation method that saves water
although it can affect root activity through the heterogeneous distribution of moisture in
the soil [72,73]. The PRD technique can be achieved through different irrigation methods,
among which we find a drip, furrow, or micro-sprinkler depending on the crop species
and soil texture [72]. Ahmad et al. [58] experimented to investigate the effects of two
techniques (use of ground covers and PRD) for increasing crop production under limited
water resources. They revealed that longer spike lengths, more number of spikelets, and
grains were found in full irrigation treatment regardless of ground cover types. While
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WP and grain nutrient (NPK) contents were more in PRD. Raza et al. [4] conducted a pot
experiment in a wirehouse to evaluate the impacts of partial root-zone drying (PRD) and
control irrigation on five different wheat genotypes. The results showed that values of
growth, physiological and water-related parameters were higher in the control treatment
except for leaf water potential, osmotic potential, total sugars, and proline contents. All five
wheat varieties showed greater antioxidant enzyme activities in PRD compared with the
control treatment. Iqbal et al. [74] found that higher development, physiological and yield-
related parameters of wheat were seen in the full water system compared with PRD and
deficit watering system. More ABA and osmotic modification were found in PRD-treated
plants than in other irrigation systems. Leaf water use efficiency was likewise higher in
PRD plants compared with the full water system and deficit watering system.

The spatial distribution of soil water and nitrogen was greatly regulated by differ-
ent irrigation methods, which then affected the development of wheat roots and the
establishment of root architecture and finally affected wheat growth and yield formation.
Li et al. [42] reported that the root length density (RLD) of TI in the 0–80 cm soil layer
was significantly higher than that of micro-irrigation, whereas micro-irrigation had a
higher RLD than TI below the 80 cm soil layer, which promoted the absorption and uti-
lization of water and nitrogen in deep soil. Lv et al. [75] found that root growth was most
stimulated in the topsoil layer and inhibited in the deep layers in the SDI, followed by
sprinkler irrigation and border irrigation. Additionally, more fine roots were produced in
the BI treatment when the soil water content was low and topsoil bulk density was high.
Jha et al. [15] reported the RWU was higher in DI compared to MSI and TI due to the higher
RLD in the topsoil under DI. On the other hand, the root water uptake was higher in TI at a
deep soil profile below 60 cm, where it had a higher RLD compared to that of MSI and DI.
Fang et al. [44] reported increasing irrigation frequency would maintain the topsoil layers
with higher soil water contents where RLD was greater which improved crop water use
and yield under a limited water supply.

3.2. Effects of Irrigation Scheduling on Wheat Growth and Yield

Optimizing the irrigation strategies is another aspect of efficiently utilizing the limited
irrigation water. Previous studies showed that the plant height, LAI, aboveground biomass,
and yield components (spike number per hectare, kernels per spike, thousand-kernel
weight) of winter wheat increased with the increase in irrigation amount [8,41]. However,
unreasonable irrigation scheduling will not effectively improve crop yield and instead cause
a waste of water resources and a decrease in WP. Traditional surface irrigation is commonly
applied three or four times using more than 300 mm of irrigation water during the growing
season to obtain a high grain yield [76,77]. This irrigation practice improves grain yield
but reduces WP due to supplying too much water [77]. Therefore, an optimal irrigation
water management scheme must be developed for ecological security and sustainable
development of winter wheat production in this region [78].

Wang et al. [79] showed that compared with the W3 (pre-planting + anthesis irrigation)
and W4 (pre-planting + jointing + anthesis irrigation), the W2 (pre-planting + jointing
irrigation) increased yield by an average of 7.56–10.58% and 2.06–2.68%, improved WP by
9.95–17.83% and 11.29–22.84%, respectively. Feng et al. [80] reported that the RLD, root
surface area density, and root weight density in the 0–0.2 m, 0.6–0.8 m, and 0.8–1.0 m soil
layer from T2 (Irrigation at jointing and anthesis) were significantly higher than those from
T3 (Irrigation at sowing, jointing, and anthesis) and T4 (Irrigation at pre-wintering, jointing,
and anthesis) at anthesis. In summary, irrigation at joining and anthesis that was based on
suitable soil water content at sowing increased the absorbing area of roots in both deep and
surface soil layers, accelerated the dry matter accumulation after jointing and finally higher
grain yield and WP were achieved. Xu et al. [78] investigated how to optimize the timing
of two irrigations to improve winter wheat grain yield and found that irrigation at jointing
and anthesis optimized crop characteristics with appropriate leaf area index, delayed leaf
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senescence, extended grain filling duration by 1–3 days, increased biomass post-anthesis
and harvest index (HI), then improved grain yield and WP.

The jointing stage is the critical stage of water demand for winter wheat and the
occurrence of drought at the jointing stage has a serious impact on plant growth and
photosynthesis [81]. On the other hand, irrigation during this stage significantly increases
production [82]. Liu et al. [52] reported that supplemental irrigation at the jointing stage
significantly increased the amount of N accumulation in shoots at anthesis and pre-anthesis
N redistributed to grains and its contribution to grains. Zhang et al. [77] reported that
irrigation scheduling of one irrigation application from recovery to jointing for winter
wheat could achieve relatively stable yield and higher WP through the 28 growing seasons
and should be taken as optimized irrigation scheduling under limited water supply con-
ditions. Fan et al. [20] indicated that delayed irrigation at the jointing stage significantly
increased the number of spikes as well as the kernel numbers per spike in wide-precision
planting patterns.

Deficit irrigation, defined as the application of water below full crop-water require-
ments [83], has been promoted in many countries in an attempt to minimize irrigation
water use. Water stress advanced the thermal time required from sowing to the maximum
aboveground dry matter rate, while the maximum aboveground dry matter accumula-
tion rate and average accumulated rate of aboveground dry matter increased with the
increase of irrigation and fertilization regimes [84]. Rathore et al. [85] conducted a 2-year
field experiment in a hot, arid environment in Bikaner, India to investigate the effects of
irrigation and N application rates on the yield and WP of wheat. The results showed that
moderate deficit irrigation (irrigation amount of 80% ETc) had the greatest WP and caused
a 17% reduction in water consumption with only a 5% reduction in yield compared to
full irrigation. Gao et al. [86] conducted a six-year experiment in the NCP to determine
whether deficit irrigation combined with reduced N fertilizer rate can mitigate greenhouse
gas (GHG) emissions and maintain yield. The result showed that deficit irrigation in wet
years and N reduction in normal years and dry years can reduce GHG emissions and
maintain yield.

For drip irrigation and other water-saving irrigation technology, Jha et al. [87] found
that irrigation methods with suitable irrigation scheduling indeed have the potential to
balance the optimal yield and WP. In their study, irrigating six times each with 30 mm of
water could achieve the highest yield for drip irrigation and sprinkler irrigation, while
irrigating three times each with 60 mm of water gave comparable results for flood irrigation.
Mehmood et al. [68] showed that the combination of surface drip irrigation and a scheduled
level of 60% FC is reasonable to be recommended for winter wheat irrigation practices
regarding better yield sustainability, higher WP, and mitigating N2O emission in the NCP.
In the study of Si et al. [41], considering comprehensively yield and water-nitrogen use
efficiency, the combination of an N rate of 240 kg ha−1 and an irrigation quota of 40 mm per
irrigation was the optimal pattern for drip-irrigated winter wheat. Dar et al. [88] evaluated
the effect of drip irrigation schedules on field water balance, yield, and WP of wheat and
demonstrated that irrigating wheat at 15% depletion of FC using the drip irrigation method
saves irrigation water in addition to higher grain yield. A two-year field study in the
semiarid region of Upper Egypt showed that grain yield and WP were higher by 20% and
59% in the case of I75 (I = 75% of I100) compared to I100 (full irrigation) [89].

Crop systems modeling has been proven to be a useful tool to investigate the impacts
of irrigation scheduling on crop productivity and resource use efficiencies of farming
systems. Zhang et al. [90] explored optimal irrigation of winter wheat over a 60-year of
long-term meteorological data (1961–2020) based on the AquaCrop model in arid and
semiarid areas. The simulated results showed that higher irrigation could produce a higher
yield, but the incremental yield would be significantly decreased with more irrigation. The
optimal irrigation schedules in the wet, normal, and dry years were determined to be first
irrigation in the wintering stage with 90 mm and second irrigation in the jointing stage
with 0, 30, and 60 mm, respectively. Similarly, Zhao et al. [91] also used the AquaCrop
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model to optimize irrigation systems over a 35-year of long-term meteorological data
(1981–2015) in North China. The results showed that two irrigations at the stem elongation
and anthesis stages significantly increased yield, WP, and irrigation water productivity
with values of 7.79 t ha−1, 1.72 kg m−3, and 2.20 kg m−3, respectively, compared with those
under lower irrigation frequency treatments. In the study of Davarpanah et al. [92], the
AquaCrop model was applied to winter wheat in a warm and semi-arid environment in
the south-west of Iran to model recommended and probable scenarios of different deficit
irrigations under Rotational and On-demand irrigation scheduling. Modeling showed that
Rotational irrigation was more adaptable to deficit irrigation practices due to maintaining
higher grain yield and WP compared with On-demand irrigation. Indeed, it is possible
to maintain grain yield and increase WP by applying deficit irrigation up to 40% of full
irrigation under Rotational irrigation. A 28-year field experiment from 1991 to 2018 together
with the APSIM mode was used to characterize the yield sustainability of winter wheat
under limited-irrigation schemes. The results showed that irrigation before sowing and
at the jointing stage (W2) and irrigation before sowing, at the jointing stage and anthesis
(W3), can narrow yield gaps, increase wheat yield, and increase the sustainability of crop
production in the NCP [93].

Dar et al. [94] evaluated the performance of the CERES-Wheat model for simulating
yield and water use under varying soil moisture regimes and indicated that simulated
evapotranspiration decreased by 16%, wheat grain yield by 23% and WP by 15% in drip
irrigation at 45% depletion from field capacity as compared to drip irrigation at 15% of
field capacity. In the study of He et al. [95], the CERES-Wheat model was used to simu-
late the spring wheat growth in irrigated farmland in Northwest China. The results of
the model simulation indicated that if the soil water content is lower than 65% of field
capacity in the 1 m depth soil profile during the grain filling and milk ripe stages, the
final grain yield could be remarkably reduced even for a short period of water stress.
Zeng et al. [96] analyzed 33 irrigation scenarios under different rainfall patterns (wet,
normal, and dry years) based on the CERES-Wheat model. The result showed that two
irrigation events at the greening and jointing stages alleviated water stress during key
winter wheat growth periods, contributing to increasing biomass, yield, WP, and IWP.
Kheir et al. [97] used the DSSAT model to simulate a deficit irrigation schedule by different
fractions of actual evapotranspiration (ETc). The simulated grain yield and water produc-
tivity under irrigation based 90% ETc increased by 1.7% and 63%, respectively, compared
with farmers’ value in all locations, confirming the importance of irrigation scheduling
based 90% ETc in maximizing wheat yield and WP in arid regions.

4. Effects of Irrigation Management on Wheat Grain Quality

Wheat is a major cereal crop, whose grains are mainly processed into bread, noodles,
and cakes. Different food types made from grains require different wheat qualities. Wheat
quality can be classified as strong gluten, medium gluten, and weak gluten varieties
according to grain hardness, protein content, and dough stability time [98]. Strong gluten
wheat usually has the characteristics of high gluten strength, good extensibility, and long
dough stability, which are suitable for making bread [99]. Medium gluten wheat has
moderate gluten strength, which is the best material for steamed bread and noodles. With
lower protein content and shorter stabilization time, weak gluten wheat is mostly used in
making crisp foods such as cakes and biscuits [100]. With the continuous improvement
of people’s living standards and the optimization of daily diet structures, a variety of
high-quality wheat cultivars and cultivation practices are demanded.

Although China is one of the greatest wheat producers in the world, the country
still needs to import large quantities of high-quality wheat due to its noticeable shortage.
According to the released data from the National Grain and Oil Information Center, China’s
high-quality wheat import volume reached 2.8 million tons in 2020, but it was still far from
meeting the rapid growth demand from the food processing industry and consumers [101].
To produce more high-quality wheat, we should not only consider breeding innovative
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high-quality varieties but also consider adopting optimized farming practices such as water
management means [102].

4.1. Effect of Irrigation Regimes on Flour Quality and Dough Stability

Soil moisture content has been regarded as one of the most critical factors affecting
the quality of wheat grains. In recent years, the increasing demands for medium to strong
gluten wheat on the market have made related research for high-quality wheat a hot
topic in the world [103]. A great many measures were taken to increase the production
of high-quality wheat, including genetic modification, bio-technologies, and agronomic
practices [104]. Among them, reasonable water management is shown a more effective way
to improve wheat quality at a lower cost, compared to other practices [105].

Previous studies showed that reasonable water management favored the quality of
wheat grains. A study conducted in Shandong province indicated that winter wheat should
be irrigated 2–3 times during the entire growth period, guaranteeing the formation of
wheat’s high quality [106]. It is believed that wheat quality was noticeably improved under
the condition of moderate water shortage due to the effects on deepening root growth
and increasing dry matter accumulation, which was favorable for producing high-quality
grains with acceptable yields [107]. Some studies also reported that increasing irrigation
amounts increased wheat yields while decreasing the quality of wheat grains [108]. Some
researchers also found that strong gluten wheat had appropriate protein content and flour
quality under the condition of moderate drought levels [109].

Varieties × irrigation interactions had significant effects on the tensile properties of
wheat grains. Irrigation amounts exceeding 200 mm or less than 110 mm were shown not to
be conducive to the improvement of dough properties [110]. With the increasing irrigation
amount, dough stability and water absorption also showed a parabolic trend which went
increasing at first, reached the peak values under the condition of two irrigation times
(applied at wintering and jointing stages), and then decreased with increasing irrigation
amount [111]. Moreover, dough stability time and tensile resistance displayed an increasing
trend with decreasing irrigation amount [112]. Therefore, proper irrigation amounts were
conducive to the improvement of water absorption and dough stability time too. Irrigation
during the late growth stage also shortened the dough stability time of strong gluten wheat,
bringing lower wheat quality [113]. In contrast, reducing irrigation amount was beneficial
to the improvement of dough stability time, but was not favorable to yield formation [98].
Although irrigation > 210 mm significantly shortened the dough stability time, optimizing
irrigation regimes was proven beneficial to the improvement of tensile resistance of strong
gluten wheat [111]. However, increasing the irrigation amount after anthesis was shown
to decrease the extensibility, tensile resistance, and maximum tensile resistance of wheat,
whereas reducing the irrigation amount from jointing to the maturity stage of wheat was
beneficial to improving dough strength and reducing dough extensibility [114].

4.2. Effects of Irrigation Regimes on Wet Gluten Content and Gluten Index

The stability time of wet gluten and dough displayed a parabolic trend with the
increase in irrigation amount and the values peaked under the condition of two irrigation
events [115]. Irrigation applied after sowing and at jointing and booting stages better-
coordinated wheat grain yield and grain number per spike. These irrigation regimes are
conducive to both yield and quality and became a basic mode for obtaining high quality and
high yield [116]. It was observed that irrigation during the late growing period significantly
decreased the protein content and shortened the dough stability time, finally resulting in
lower wheat quality [117]. The ratio of glutenin/gliadin, gluten content, and sedimentation
value of wheat was significantly increased under moderate drought conditions [113]. The
gluten index is an important indicator to reflect gluten strength. Drought in the late growth
stage was shown to significantly improve the gluten index of wheat [118]. The unreasonable
irrigation regimes might have a significant negative impact on the gluten index, whereas
severe drought levels would also reduce the index [116]. Irrigation with a lower limit at
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60% field water capacity (FC) at the mid-filling stage of wheat significantly improved the
gluten index and dough rheological properties with comparable grain yield, compared to
adequate irrigation treatment [119]. Also, adequate soil moisture during wintering was
critical to wheat quality. It was shown that wet gluten and dough rheological properties
will be improved without irrigation at jointing and flowering stages with enough initial
soil water storage during wintering [120].

4.3. Effect of Irrigation Regimes on Protein Content and Components

Studies on the regulation effects of irrigation regimes on wheat protein content have
long been carried out at home and abroad [121]. The protein content is a reference index
for evaluating the high quality of strong gluten wheat [122]. The quality of wheat is closely
related to the quality and content of protein [123]. The protein content was significantly and
positively correlated with the water absorption of gluten, but high protein content was likely
to inhibit the stability time and dough stretching length [124]. Wheat protein components
can be divided into albumin, globulin, gliadin, and glutenin. The major difference lay in
the order of prolamin and glutenin between the strong and weak gluten cultivars [125].
Reducing irrigation events increased the protein content of high-quality strong gluten
wheat, including the content of gluten, albumin, and globulin, while the content of gliadin
decreased [126]. Under the treatments with irrigation applied at wintering and jointing
stages, the yield and quality of strong gluten wheat could be effectively coordinated [127].
Within zero to two times of irrigation events, the content of albumin, glutelin, and prolamin
increased, but the difference in protein contents with an irrigation amount of 140 mm was
non-significantly different from that of 200 mm irrigation [128]. The protein content for
different strong gluten wheat varieties varied under different irrigation conditions [129].
Some varieties had higher protein content when the total irrigation amount was less than
200 mm, while some varieties had higher protein content when the irrigation amount was
>210 mm, indicating that strong gluten wheat varieties responded differently to various
irrigation regimes [130].

Previous studies have shown that rainfall was negatively correlated with wheat quality,
in which the increase in rainfall events will lead to a decrease in wheat protein content [131].
A field experiment conducted by Wang et al. [132] in Laiyang, North China Plain, showed
that the precipitation during the early growth stage of spring wheat was negatively cor-
related with the protein content and had an extremely significant negative correlation
during the middle to late growth stages. Protein content and components in grains had an
important impact on wheat quality. The protein content of wheat grains showed a parabolic
relationship with the reproductive growth process with valley values appearing at the
mid-filling stage and peak values occurring at the flowering and maturity stages [133]. That
was probably because the starch synthesis rate of wheat grains was faster than the protein
synthesis rate in the reproductive stage [134]. During the period from wheat flowering to
the filling stage, gluten content would be reduced when encountering excessive precipi-
tation, thus reducing the content of protein and gluten, resulting in a reduction in gluten
elasticity. Under certain fertilization conditions, increasing irrigation exerted a significant
dilution effect on wheat flour quality and its protein content and wet gluten content would
be reduced with irrigation or rainfall amount increasing [135]. According to the research
of Erekul et al. [136], irrigation at the late flowering stage of wheat had a negative impact
on wheat flour quality and its protein content and sedimentation values were reduced to
varying degrees.

4.4. Effect of Irrigation Regimes on Wheat Starch Content

The proportion of amylose and amylopectin played an important role in the taste
quality of wheat-related foods [137]. Amylose content was negatively correlated with taste
quality, while amylopectin content and swelling power were positively correlated with
the quality [138]. When the content of amylopectin was high, wheat flour would have a
strong water absorption capacity and high amylopectin content, which was conducive to
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producing flavorful noodles and bread [139]. Previous studies found that amylopectin
was more vulnerable to soil moisture content and reducing irrigation amount appreciably
increased amylopectin content [140]. Therefore, suitable irrigation amount was beneficial
to starch accumulation and yield formation of wheat [141]. It was also found that the total
starch content and amylose content of maize increased with the increases in irrigation times
with reasonable irrigation amount, whereas both amylose and amylopectin decreased under
either severe drought or water-logging conditions [142]. Removing spring irrigation after
jointing effectively improved the amylopectin content and total starch content of strong
gluten wheat [143]. Similarly, serious soil water deficit significantly reduced the total starch,
amylose, and amylopectin content of wheat, thus effectively increasing the branch/amylose
ratio of wheat and the high branch/amylose ratio markedly improved the taste quality
of noodles and bread [144]. Under drought conditions, cereal crops had a decrease in the
peak viscosity of starch and an increase in the valley viscosity and retrogradation value,
thus were improved for their anti-aging performance of starch paste [145]. The crystal
and gelatinization properties of wheat starch were significantly affected under drought
conditions, thus the quality of wheat starch was impacted [146]. Therefore, it is possible to
produce cereal grains with high starch quality through reasonable water management in
the agricultural sector [147].

5. Perspective for Improving Irrigation Management in Wheat Crops

Understanding the regulating mechanism of the physiological process of wheat under
different irrigation regimes will provide the theoretical basis for how to optimize water-
saving irrigation technology for sustainable wheat production. The regulating mechanism
of irrigation management on wheat physiology, grain yield, and quality needs to be revealed
from the following three aspects.

Firstly, the dynamic allocation of limited irrigation water resources should be devel-
oped to improve irrigation management and WP. The adjustment of irrigation water is
based on the regulation of the water demand of wheat during growth periods, a mild water
deficit in vegetative stages causes the transpiration rate to decrease while the photosynthe-
sis rate remains unchanged. Besides, winter wheat is highly resistant to moderate water
stress in early vegetative growth periods and many negative effects can be eliminated after
rehydration, such as photosynthesis and transpiration rates can quickly recover, or even
exceed, which does not affect the accumulation of dry matter in the later periods of wheat.

Secondly, the interaction between roots and soil environments should be investigated
under different scenarios of irrigation management. Changing of soil physiological and
biochemical characteristics by different irrigation methods and irrigation scheduling stim-
ulate the root to generate a root-sourced signal (ABA) that is transmitted to the shoot to
regulate the stomatal opening of leaves, then change the transpiration and photosynthesis
rate, physiological water consumption and biomass accumulation. Different irrigation
methods and irrigation scheduling change the soil environment of the root zone, affect the
root distribution, root morphological growth, and root water uptake patterns in the soil
profile, which disturb the utilization of soil water in the different soil layers, thus changing
the leaf water status, photosynthetic rate, transpiration rate, ultimately, yield and WP.

Thirdly, the regulation of irrigation management on wheat grain quality should be
assessed to balance wheat yield, grain quality, and WP. In the face of climate change
and other global challenges, it is of great significance to maintain wheat yield and meet
the requirement of high-quality foods by high-efficiency utilization of irrigation water
resources. Regulation of irrigation water allocation on starch metabolism is required for
understanding grain quality formation. A model of wheat yield, grain quality, and WP is
an essential prerequisite for wheat production.

Author Contributions: Conceptualization, Y.G. and A.D.; resources, A.Q.; writing—original draft
preparation, Y.L.; writing—review and editing, Z.S. and Y.G.; funding acquisition, Y.G. and A.D. All
authors have read and agreed to the published version of the manuscript.



Plants 2023, 12, 692 13 of 18

Funding: This work was supported by the China Agriculture Research System of MOF and MARA
(CARS-03-19), the National Natural Science Foundation of China (Grant No. 51879267), the Key
Science and Technology Program of Xinxiang City, China (GG2020024) and the Agricultural Science
and Technology Innovation Program (ASTIP), Chinese Academy of Agricultural Sciences.

Data Availability Statement: The data support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guarin, J.R.; Martre, P.; Ewert, F.; Webber, H.; Dueri, S.; Calderini, D.; Reynolds, M.; Molero, G.; Miralles, D.; Garcia, G.; et al.

Evidence for increasing global wheat yield potential. Environ. Res. Lett. 2022, 17, 124045. [CrossRef]
2. del Pozo, A.; Yáñez, A.; Matus, I.A.; Tapia, G.; Castillo, D.; Sanchez-Jardón, L.; Araus, J.L. Physiological traits associated with

wheat yield potential and performance under water-stress in a mediterranean environment. Front. Plant Sci. 2016, 7, 987.
[CrossRef]

3. van Dijk, M.; Morley, T.; Rau, M.L.; Saghai, Y. A meta-analysis of projected global food demand and population at risk of hunger
for the period 2010–2050. Nat. Food 2021, 2, 494–501. [CrossRef]

4. Raza, M.A.S.; Ahmad, S.; Saleem, M.F.; Khan, I.H.; Iqbal, R.; Zaheer, M.S.; Haider, I.; Ali, M. Physiological and biochemical
assisted screening of wheat varieties under partial rhizosphere drying. Plant Physiol. Biochem. 2017, 116, 150–166. [CrossRef]
[PubMed]

5. Mwale, S.S.; Azamali, S.N.; Massawe, F. Growth and development of bambara groundnut (Vigna subterranea) in response to soil
moisture: 1. Dry matter and yield. Eur. J. Agron. 2007, 26, 345–353. [CrossRef]

6. Si, Z.; Zain, M.; Li, S.; Liu, J.; Liang, Y.; Gao, Y.; Duan, A. Optimizing nitrogen application for drip-irrigated winter wheat with
DSSAT-CERES-Wheat model. Agric. Water Manag. 2021, 244, 106592. [CrossRef]

7. Mosaffa, H.R.; Sepaskhah, A.R. Performance of irrigation regimes and water salinity on winter wheat as influenced by planting
methods. Agric. Water Manag. 2018, 216, 444–456. [CrossRef]

8. You, Y.; Song, P.; Yang, X.; Zheng, Y.; Dong, L.; Chen, J. Optimizing irrigation for winter wheat to maximize yield and maintain
high-efficient water use in a semi-arid environment. Agric. Water Manag. 2022, 273, 107901. [CrossRef]

9. Du, T.; Kang, S.; Sun, J.; Zhang, X.; Zhang, J. An improved water use efficiency of cereals under temporal and spatial deficit
irrigation in north China. Agric. Water Manag. 2010, 97, 66–74. [CrossRef]

10. Kang, S.; Shi, W.; Cao, H.; Zhang, J. Alternate watering in soil vertical profile improved water use efficiency of maize (Zea mays).
Field Crops Res. 2002, 77, 31–41. [CrossRef]

11. Idnani, L.K.; Kumar, A. Performance of wheat (Triticum aestivum) under different irrigation schedules and sowing methods.
Indian J. Agric. Sci. 2013, 83, 37–40.

12. Liu, H.; Li, H.H.; Ning, H.F.; Zhang, X.X.; Li, S.; Pang, J.; Wang, G.S.; Sun, J.S. Optimizing irrigation frequency and amount to
balance yield, fruit quality and water use efficiency of greenhouse tomato. Agric. Water Manag. 2019, 226, 105787. [CrossRef]

13. Sharma, K.D.; Kumar, A. Identification of physiological and yield related traits of wheat (Triticum aestivum L.) under varying soil
moisture stress. J. Agrometeorol. 2014, 16, 78–84. [CrossRef]

14. Singh, S.; Angadi, S.V.; Grover, K.; Begna, S.; Auld, D. Drought response and yield formation of spring safflower under different
water regimes in the semiarid Southern High Plains. Agric. Water Manag. 2016, 163, 354–362. [CrossRef]

15. Jha, S.K.; Gao, Y.; Liu, H.; Huang, Z.; Wang, G.; Liang, Y.; Duan, A. Root development and water uptake in winter wheat under
different irrigation methods and scheduling for North China. Agric. Water Manag. 2017, 182, 139–150. [CrossRef]

16. Kang, S.; Zhang, L.; Liang, Y.; Hu, X.; Cai, H.; Gu, B. Effects of limited irrigation on yield and water use efficiency of winter wheat
in the Loess Plateau of China. Agric. Water Manag. 2002, 55, 203–216. [CrossRef]

17. Chen, R.; Xiong, X.; Cheng, W. Root characteristics of spring wheat under drip irrigation and their relationship with aboveground
biomass and yield. Sci. Rep. 2021, 11, 4913. [CrossRef] [PubMed]

18. Jana, S.; Rabea, S.; Caroline, M. Effects of continuous versus pulsed drought stress on physiology and growth of wheat. Plant Biol.
2018, 20, 1005–1013.

19. Hao, S.; Cao, H.; Wang, H.; Pan, X. The physiological responses of tomato to water stress and re-water in different growth periods.
Sci. Hortic. 2019, 249, 143–154. [CrossRef]

20. Fan, Y.; Liu, J.; Zhao, J.; Ma, Y.; Li, Q. Effects of delayed irrigation during the jointing stage on the photosynthetic characteristics
and yield of winter wheat under different planting patterns. Agric. Water Manag. 2019, 221, 371–376. [CrossRef]

21. Cao, Y.; Cai, H.; Zhao, L. Effects of growth-stage-based limited irrigation management on the growth, yields, and radiation
utilization efficiency of winter wheat in northwest China. Irrig. Drain. 2022, 71, 70–80. [CrossRef]

22. Xue, Q.; Zhu, Z.; Musick, J.T.; Stewart, B.; Dusek, D.A. Physiological mechanisms contributing to the increased water-use
efficiency in winter wheat under deficit irrigation. J. Plant Physiol. 2006, 163, 154–164. [CrossRef]

23. Tadayon, M.R.; Emam, Y. Effect of supplemental irrigation and amount of available water on yield, yield components and
physiological characteristics of two rainfed wheat cultivars. J. Sci. Technol. Agric. Nat. Resour. 2008, 42, 145–157.

http://doi.org/10.1088/1748-9326/aca77c
http://doi.org/10.3389/fpls.2016.00987
http://doi.org/10.1038/s43016-021-00322-9
http://doi.org/10.1016/j.plaphy.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28575839
http://doi.org/10.1016/j.eja.2006.09.007
http://doi.org/10.1016/j.agwat.2020.106592
http://doi.org/10.1016/j.agwat.2018.10.027
http://doi.org/10.1016/j.agwat.2022.107901
http://doi.org/10.1016/j.agwat.2009.08.011
http://doi.org/10.1016/S0378-4290(02)00047-3
http://doi.org/10.1016/j.agwat.2019.105787
http://doi.org/10.54386/jam.v16i1.1490
http://doi.org/10.1016/j.agwat.2015.10.010
http://doi.org/10.1016/j.agwat.2016.12.015
http://doi.org/10.1016/S0378-3774(01)00180-9
http://doi.org/10.1038/s41598-021-84208-7
http://www.ncbi.nlm.nih.gov/pubmed/33649480
http://doi.org/10.1016/j.scienta.2019.01.045
http://doi.org/10.1016/j.agwat.2019.05.004
http://doi.org/10.1002/ird.2634
http://doi.org/10.1016/j.jplph.2005.04.026


Plants 2023, 12, 692 14 of 18

24. Ali, S.; Xu, Y.; Jia, Q.; Ma, X.; Ahmad, I.; Adnan, M.; Gerard, R.; Ren, X.; Zhang, P.; Cai, T.; et al. Interactive effects of plastic film
mulching with supplemental irrigation on winter wheat photosynthesis, chlorophyll fluorescence and yield under simulated
precipitation conditions. Agric. Water Manag. 2018, 207, 1–14. [CrossRef]

25. Al-Ghawry, A.; Yazar, A.; Unlu, M.; Barutcular, C.; Çolak, Y.B. Comparison of physiological response to growth stage-based
supplemental and conventional irrigation management of wheat. J. Agric. Sci. 2021, 159, 414–425. [CrossRef]

26. Chai, Q.; Gan, Y.; Zhao, C.; Xu, H.-L.; Waskom, R.M.; Niu, Y.; Siddique, K.H. Regulated deficit irrigation for crop production
under drought stress. A review. Agron. Sustain. Dev. 2015, 36, 3. [CrossRef]

27. Mu, Q.; Cai, H.; Sun, S.; Wen, S.; Xu, J.; Dong, M.; Saddique, Q. The physiological response of winter wheat under short-term
drought conditions and the sensitivity of different indices to soil water changes. Agric. Water Manag. 2020, 243, 106475. [CrossRef]

28. Wu, Y.L.; Guo, Q.F.; Luo, Y.; Tian, F.X.; Wang, W. Differences in physiological characteristics between two wheat cultivars exposed
to field water deficit conditions. Russ. J. Plant Physiol. 2014, 61, 451–459. [CrossRef]

29. Sepaskhah, A.; Ahmadi, S. A review on partial root-zone drying irrigation. Int. J. Plant Prod. 2012, 4, 241–258. [CrossRef]
30. Jia, D.; Dai, X.; Men, H.; He, M. Assessment of winter wheat (Triticum aestivum L.) grown under alternate furrow irrigation in

northern China: Grain yield and water use efficiency. Can. J. Plant Sci. 2014, 94, 349–359. [CrossRef]
31. Ma, S.-T.; Wang, T.-C. Effects of drip irrigation on root activity pattern, root-sourced signal characteristics and yield stability of

winter wheat. Agric. Water Manag. 2022, 271, 107783. [CrossRef]
32. Bai, X.; Guo, L.; Lin, R.; Han, L.; Xiao, K. Characterization of yields, osmotic stress-associated traits, and expression patterns of

aba receptor genes in winter wheat under deficit irrigation. Int. J. Plant Prod. 2021, 15, 419–429. [CrossRef]
33. Li, X.-H.; Sheng, K.; Wang, Y.-H.; Dong, Y.-Q.; Jiang, Z.-K.; Sun, J.-S. Influence of furrow irrigation regime on the yield and

water consumption indicators of winter wheat based on a multi-level fuzzy comprehensive evaluation. Open Life Sci. 2022, 17,
1094–1103. [CrossRef] [PubMed]

34. Yarami, N.; Sepaskhah, A.R. Saffron response to irrigation water salinity, cow manure and planting method. Agric. Water Manag.
2015, 150, 57–66. [CrossRef]

35. Shabani, A.; Sepaskhah, A.; Kamgar-Haghighi, A. Growth and physiologic response of rapeseed (Brassica napus L.) to deficit
irrigation, water salinity and planting method. Int. J. Plant Prod. 2013, 7, 569–596. [CrossRef]

36. Mehrabi, F.; Sepaskhah, A.R. Interaction effects of planting method, irrigation regimes, and nitrogen application rates on yield,
water and nitrogen use efficiencies of winter wheat (Triticum aestivum). Int. J. Plant Prod. 2018, 12, 265–283. [CrossRef]

37. Kong, L.; Wang, F.; Feng, B.; Li, S.; Si, J.; Zhang, B. A root-zone soil regime of wheat: Physiological and growth re-sponses to
furrow irrigation in raised bed planting in Northern China. Agron. J. 2010, 102, 154–162. [CrossRef]

38. Ali, S.; Xu, Y.; Ma, X.; Jia, Q.; Jia, Z. Improvement in winter wheat productivity through regulating PSII photochemistry,
photosynthesis and chlorophyll fluorescence under deficit irrigation conditions. J. Integr. Agric. 2022, 21, 654–665. [CrossRef]

39. Kang, S.; Su, X.; Tong, L.; Shi, P.; Yang, X.; Yukuo, A.B.E.; Du, T.; Shen, Q.; Zhang, J. The impacts of human activities on the
water–land environment of the Shiyang River basin, an arid region in northwest China. Hydrol. Sci. J. 2004, 49, 413–427. [CrossRef]

40. Du, T.; Kang, S.; Zhang, J.; Li, F.; Hu, X. Yield and physiological responses of cotton to partial root-zone irrigation in the oasis
field of northwest China. Agric. Water Manag. 2006, 84, 41–52. [CrossRef]

41. Si, Z.; Zain, M.; Mehmood, F.; Wang, G.; Gao, Y.; Duan, A. Effects of nitrogen application rate and irrigation regime on growth,
yield, and water-nitrogen use efficiency of drip-irrigated winter wheat in the North China Plain. Agric. Water Manag. 2020, 231,
106002. [CrossRef]

42. Li, J.; Xu, X.; Lin, G.; Wang, Y.; Liu, Y.; Zhang, M.; Zhou, J.; Wang, Z.; Zhang, Y. Micro-irrigation improves grain yield and resource
use efficiency by co-locating the roots and N-fertilizer distribution of winter wheat in the North China Plain. Sci. Total Environ.
2018, 643, 367–377. [CrossRef] [PubMed]

43. Niu, W.; Guo, Q.; Zhou, X.; Helmers, M.J. Effect of aeration and soil water redistribution on the air permeability under subsurface
drip irrigation. Soil Sci. Soc. Am. J. 2012, 76, 815–820. [CrossRef]

44. Fang, Q.; Zhang, X.; Shao, L.; Chen, S.; Sun, H. Assessing the performance of different irrigation systems on winter wheat under
limited water supply. Agric. Water Manag. 2018, 196, 133–143. [CrossRef]

45. Camposeo, S.; Rubino, P. Effect of irrigation frequency on root water uptake in sugar beet. Plant Soil 2003, 253, 301–309. [CrossRef]
46. Romero, P.; Botia, P.; Garcia, F. Effects of regulated deficit irrigation under subsurface drip irrigation conditions on vegetative

development and yield of mature almond trees. Plant Soil 2004, 260, 169–181. [CrossRef]
47. Zegada-Lizarazu, W.; Iijima, M. Deep root water uptake ability and water use efficiency of pearl millet in comparison to other

millet species. Plant Prod. Sci. 2005, 8, 454–460. [CrossRef]
48. Tao, X.; Su, D.; Kou, D.; Li, Y.; Qiao, Y. Effects of irrigation methods on photosynthetic charactieristics and yield of alfalfa in Arid

Northwest China. Chin. J. Glassland 2015, 37, 35–41.
49. Ma, L.; Liu, X.; Wang, Y.; Wu, P. Effects of drip irrigation on deep root distribution, rooting depth, and soil water profile of jujube

in a semiarid region. Plant Soil 2013, 37, 995–1006. [CrossRef]
50. Zhang, Y.; Wang, J.; Gong, S.; Xu, D.; Sui, J. Nitrogen fertigation effect on photosynthesis, grain yield and water use efficiency of

winter wheat. Agric. Water Manag. 2017, 179, 277–287. [CrossRef]
51. Mon, J.; Bronson, K.F.; Hunsaker, D.J.; Thorp, K.R.; White, J.W.; French, A.N. Interactive effects of nitrogen fertilization and

irrigation on grain yield, canopy temperature, and nitrogen use efficiency in overhead sprinkler-irrigated durum wheat. Field
Crops Res. 2016, 191, 54–65. [CrossRef]

http://doi.org/10.1016/j.agwat.2018.05.013
http://doi.org/10.1017/S0021859621000769
http://doi.org/10.1007/s13593-015-0338-6
http://doi.org/10.1016/j.agwat.2020.106475
http://doi.org/10.1134/S1021443714030157
http://doi.org/10.22069/IJPP.2012.708
http://doi.org/10.4141/cjps2013-224
http://doi.org/10.1016/j.agwat.2022.107783
http://doi.org/10.1007/s42106-021-00146-4
http://doi.org/10.1515/biol-2022-0059
http://www.ncbi.nlm.nih.gov/pubmed/36160632
http://doi.org/10.1016/j.agwat.2014.12.004
http://doi.org/10.22069/IJPP.2013.1119
http://doi.org/10.1007/s42106-018-0025-z
http://doi.org/10.2134/agronj2009.0288
http://doi.org/10.1016/S2095-3119(20)63409-8
http://doi.org/10.1623/hysj.49.3.413.54347
http://doi.org/10.1016/j.agwat.2006.01.010
http://doi.org/10.1016/j.agwat.2020.106002
http://doi.org/10.1016/j.scitotenv.2018.06.157
http://www.ncbi.nlm.nih.gov/pubmed/29940448
http://doi.org/10.2136/sssaj2011.0329
http://doi.org/10.1016/j.agwat.2017.11.005
http://doi.org/10.1023/A:1024801312711
http://doi.org/10.1023/B:PLSO.0000030193.23588.99
http://doi.org/10.1626/pps.8.454
http://doi.org/10.1007/s11104-013-1880-0
http://doi.org/10.1016/j.agwat.2016.08.007
http://doi.org/10.1016/j.fcr.2016.02.011


Plants 2023, 12, 692 15 of 18

52. Liu, S.; Lin, X.; Wang, W.; Zhang, B.; Wang, D. Supplemental irrigation increases grain yield, water productivity, and nitrogen
utilization efficiency by improving nitrogen nutrition status in winter wheat. Agric. Water Manag. 2022, 264, 107505. [CrossRef]

53. Wang, F.; Wang, X.; Ken, S. Comparison of conventional, flood irrigated, flat planting with furrow irrigated, raised bed planting
for winter wheat in China. Field Crops Res. 2004, 87, 35–42.

54. Si, Z.Y. Effects of Different Cultivation Methods on Growth and Water-Nitrogen Use Efficiency of winter Wheat. Ph.D. Dissertation,
Chinese Academy of Agricultural Sciences, Beijing, China, 2020. (In Chinese)

55. Fischer, R.; Ramos, O.M.; Monasterio, I.O.; Sayre, K. Yield response to plant density, row spacing and raised beds in low latitude
spring wheat with ample soil resources: An update. Field Crops Res. 2018, 232, 95–105. [CrossRef]

56. Yigezu, Y.A.; Abbas, E.; Swelam, A.; Sabry, S.R.S.; Moustafa, M.A.; Halila, H. Socioeconomic, biophysical, and environmental
impacts of raised beds in irrigated wheat: A case study from Egypt. Agric. Water Manag. 2021, 249, 106802. [CrossRef]

57. Wang, F.; He, Z.; Sayre, K.; Li, S.; Si, J.; Feng, B.; Kong, L. Wheat cropping systems and technologies in China. Field Crops Res.
2009, 111, 181–188. [CrossRef]

58. Ahmad, S.; Raza, M.; Saleem, M.; Iqbal, R.; Haider, I.; Aslam, M.U.; Ali, M.; Khan, I. Significance of partial root zone drying and
mulches for water saving and weed suppression in wheat. J. Anim. Plant Sci. 2020, 30, 154–162.

59. Rady, M.O.; Semida, W.M.; Howladar, S.; El-Mageed, T.A.A. Raised beds modulate physiological responses, yield and water use
efficiency of wheat (Triticum aestivum L.) under deficit irrigation. Agric. Water Manag. 2020, 245, 106629. [CrossRef]

60. Devkota, M.; Martius, C.; Lamers, J.P.A.; Sayre, K.D.; Devkota, K.P.; Gupta, R.K.; Egamberdiev, O.; Vlek, P.L.G. Combining
permanent beds and residue retention with nitrogen fertilization improves crop yields and water productivity in irrigated arid
lands under cotton, wheat and maize. Field Crops Res. 2013, 149, 105–114. [CrossRef]

61. Zhang, C.; Dong, Z.; Guo, Q.; Hu, Z.; Li, J.; Wei, T.; Ding, R.; Cai, T.; Ren, X.; Han, Q.; et al. Ridge–furrow rainwater harvesting
combined with supplementary irrigation: Water-saving and yield-maintaining mode for winter wheat in a semiarid region based
on 8-year in-situ experiment. Agric. Water Manag. 2021, 259, 107239. [CrossRef]

62. Liu, X.; Wang, Y.; Zhang, Y.; Ren, X.; Chen, X. Can rainwater harvesting replace conventional irrigation for winter wheat
production in dry semi-humid areas in China? Agric. Water Manag. 2022, 272, 107852. [CrossRef]

63. Du, X.; He, W.; Wang, Z.; Xi, M.; Xu, Y.; Wu, W.; Gao, S.; Liu, D.; Lei, W.; Kong, L. Raised bed planting reduces waterlogging and
increases yield in wheat following rice. Field Crops Res. 2021, 265, 108119. [CrossRef]

64. Du, X.; Wang, Z.; Xi, M.; Wu, W.; Wei, Z.; Xu, Y.; Zhou, Y.; Lei, W.; Kong, L. A novel planting pattern increases the grain yield of
wheat after rice cultivation by improving radiation resource utilization. Agric. For. Meteorol. 2021, 310, 108625. [CrossRef]

65. Wu, L.; Han, X.; Islam, S.; Zhai, S.; Zhao, H.; Zhang, G.; Cui, G.; Zhang, F.; Han, W.; You, X.; et al. Effects of sowing mode on
lodging resistance and grain yield in winter wheat. Agronomy 2021, 11, 1378. [CrossRef]

66. Liu, J.; Gao, Y.; Si, Z.; Wu, L.; Duan, A. Effects of cultivation methods on water consumption yield and water use efficiency of
winter wheat. J. Soil Water Consump. 2020, 34, 210–216. (In Chinese)

67. Bai, S.; Kang, Y.; Wan, S. Drip fertigation regimes for winter wheat in the North China Plain. Agric. Water Manag. 2020, 228,
105885. [CrossRef]

68. Mehmood, F.; Wang, G.; Gao, Y.; Liang, Y.; Chen, J.; Si, Z.; Ramatshaba, T.S.; Zain, M.; Rahman, S.U.; Duan, A. Nitrous oxide
emission from winter wheat field as responded to irrigation scheduling and irrigation methods in the North China Plain. Agric.
Water Manag. 2019, 222, 367–374. [CrossRef]

69. Zhai, L.-C.; Lü, L.-H.; Dong, Z.-Q.; Zhang, L.-H.; Zhang, J.-T.; Jia, X.-L.; Zhang, Z.-B. The water-saving potential of using
micro-sprinkling irrigation for winter wheat production on the North China Plain. J. Integr. Agric. 2021, 20, 1687–1700. [CrossRef]

70. Umair, M.; Hussain, T.; Jiang, H.; Ahmad, A.; Yao, J.; Qi, Y.; Zhang, Y.; Min, L.; Shen, Y. Water-Saving Potential of Subsurface Drip
Irrigation For Winter Wheat. Sustainability 2019, 11, 2978. [CrossRef]

71. Sidhu, H.S.; Jat, M.L.; Singh, Y.; Sidhu, R.K.; Gupta, N.; Singh, P.; Singh, P.; Jat, H.S.; Gerard, B. Subsurface drip fertigation with
conservation agriculture in a rice-wheat system: A breakthrough for addressing water and nitrogen use efficiency. Agric. Water
Manag. 2019, 216, 273–283. [CrossRef]

72. Kang, S.; Zhang, J. Controlled alternate partial root-zone irrigation: Its physiological consequences and impact on water use
efficiency. J. Exp. Bot. 2004, 55, 2437–2446. [CrossRef] [PubMed]

73. Slamini, M.; Sbaa, M.; Arabi, M.; Darmous, A. Review on Partial Root-zone Drying irrigation: Impact on crop yield, soil and
water pollution. Agric. Water Manag. 2022, 271, 107807. [CrossRef]

74. Iqbal, R.; Andersen, M.N.; Raza, M.A.S.; Rashid, M.A.; Ahmad, S. Physiological Manipulation and Yield Response of Wheat
Grown with Split Root System under Deficit Irrigation. Pak. J. Agric. Res. 2019, 32, 514–526. [CrossRef]

75. Lü, G.-H.; Song, J.-Q.; Bai, W.-B.; Wu, Y.-F.; Liu, Y.; Kang, Y.-H. Effects of different irrigation methods on micro-environments and
root distribution in winter wheat fields. J. Integr. Agric. 2015, 14, 1658–1672. [CrossRef]

76. Qiu, G.Y.; Wang, L.; He, X.; Zhang, X.; Chen, S.; Chen, J.; Yang, Y. Water use efficiency and evapotranspiration of winter wheat
and its response to irrigation regime in the north China plain. Agric. For. Meteorol. 2008, 148, 1848–1859. [CrossRef]

77. Zhang, X.; Qin, W.; Chen, S.; Shao, L.; Sun, H. Responses of yield and WUE of winter wheat to water stress during the past three
decades—A case study in the North China Plain. Agric. Water Manag. 2017, 179, 47–54. [CrossRef]

78. Xu, X.; Zhang, M.; Li, J.; Liu, Z.; Zhao, Z.; Zhang, Y.; Zhou, S.; Wang, Z. Improving water use efficiency and grain yield of winter
wheat by optimizing irrigations in the North China Plain. Field Crops Res. 2018, 221, 219–227. [CrossRef]

http://doi.org/10.1016/j.agwat.2022.107505
http://doi.org/10.1016/j.fcr.2018.12.011
http://doi.org/10.1016/j.agwat.2021.106802
http://doi.org/10.1016/j.fcr.2008.12.004
http://doi.org/10.1016/j.agwat.2020.106629
http://doi.org/10.1016/j.fcr.2013.04.012
http://doi.org/10.1016/j.agwat.2021.107239
http://doi.org/10.1016/j.agwat.2022.107852
http://doi.org/10.1016/j.fcr.2021.108119
http://doi.org/10.1016/j.agrformet.2021.108625
http://doi.org/10.3390/agronomy11071378
http://doi.org/10.1016/j.agwat.2019.105885
http://doi.org/10.1016/j.agwat.2019.06.015
http://doi.org/10.1016/S2095-3119(20)63326-3
http://doi.org/10.3390/su11102978
http://doi.org/10.1016/j.agwat.2019.02.019
http://doi.org/10.1093/jxb/erh249
http://www.ncbi.nlm.nih.gov/pubmed/15361526
http://doi.org/10.1016/j.agwat.2022.107807
http://doi.org/10.17582/journal.pjar/2019/32.3.514.526
http://doi.org/10.1016/S2095-3119(14)60927-8
http://doi.org/10.1016/j.agrformet.2008.06.010
http://doi.org/10.1016/j.agwat.2016.05.004
http://doi.org/10.1016/j.fcr.2018.02.011


Plants 2023, 12, 692 16 of 18

79. Wang, C.; Zhao, J.; Feng, Y.; Shang, M.; Bo, X.; Gao, Z.; Chen, F.; Chu, Q. Optimizing tillage method and irrigation schedule for
greenhouse gas mitigation, yield improvement, and water conservation in wheat–maize cropping systems. Agric. Water Manag.
2021, 248, 106762. [CrossRef]

80. Feng, S.; Gu, S.; Zhang, H.; Wang, D. Root vertical distribution is important to improve water use efficiency and grain yield of
wheat. Field Crops Res. 2017, 214, 131–141. [CrossRef]

81. Song, H.; Li, Y.; Zhou, L.; Xu, Z.; Zhou, G. Maize leaf functional responses to drought episode and rewatering. Agric. For. Meteorol.
2017, 249, 57–70. [CrossRef]

82. Yang, Y.; Ding, J.; Zhang, Y.; Wu, J.; Zhang, J.; Pan, X.; Gao, C.; Wang, Y.; He, F. Effects of tillage and mulching measures on soil
moisture and temperature, photosynthetic characteristics and yield of winter wheat. Agric. Water Manag. 2018, 201, 299–308.
[CrossRef]

83. Du, T.; Kang, S.; Zhang, J.; Davies, W.J. Deficit irrigation and sustainable water-resource strategies in agriculture for China’s food
security. J. Exp. Bot. 2015, 66, 2253–2269. [CrossRef] [PubMed]

84. Yan, S.; Wu, Y.; Fan, J.; Zhang, F.; Guo, J.; Zheng, J.; Wu, L. Optimization of drip irrigation and fertilization regimes to enhance
winter wheat grain yield by improving post-anthesis dry matter accumulation and translocation in northwest China. Agric. Water
Manag. 2022, 271, 107782. [CrossRef]

85. Rathore, V.S.; Nathawat, N.S.; Bhardwaj, S.; Sasidharan, R.P.; Yadav, B.M.; Kumar, M.; Santra, P.; Yadava, N.D.; Yadav, O.P. Yield,
water and nitrogen use efficiencies of sprinkler irrigated wheat grown under different irrigation and nitrogen levels in an arid
region. Agric. Water Manag. 2017, 187, 232–245. [CrossRef]

86. Gao, Z.; Wang, C.; Zhao, J.; Wang, K.; Shang, M.; Qin, Y.; Bo, X.; Chen, F.; Chu, Q. Adopting different irrigation and nitrogen
management based on precipitation year types balances winter wheat yields and greenhouse gas emissions. Field Crops Res. 2022,
280, 108484. [CrossRef]

87. Jha, S.K.; Ramatshaba, T.S.; Wang, G.; Liang, Y.; Liu, H.; Gao, Y.; Duan, A. Response of growth, yield and water use efficiency
of winter wheat to different irrigation methods and scheduling in North China Plain. Agric. Water Manag. 2019, 217, 292–302.
[CrossRef]

88. Dar, E.A.; Brar, A.; Singh, K. Water use and productivity of drip irrigated wheat under variable climatic and soil moisture regimes
in North-West, India. Agric. Ecosyst. Environ. 2017, 248, 9–19. [CrossRef]

89. Eissa, M.A.; Rekaby, S.A.; Hegab, S.A.; Ragheb, H.M. Effect of deficit irrigation on drip-irrigated wheat grown in semi-arid
conditions of Upper Egypt. J. Plant Nutr. 2018, 41, 1576–1586. [CrossRef]

90. Zhang, C.; Xie, Z.; Wang, Q.; Tang, M.; Feng, S.; Cai, H. AquaCrop modeling to explore optimal irrigation of winter wheat for
improving grain yield and water productivity. Agric. Water Manag. 2022, 266, 107580. [CrossRef]

91. Zhao, J.; Han, T.; Wang, C.; Jia, H.; Worqlul, A.W.; Norelli, N.; Zeng, Z.; Chu, Q. Optimizing irrigation strategies to synchronously
improve the yield and water productivity of winter wheat under interannual precipitation variability in the North China Plain.
Agric. Water Manag. 2020, 240, 106298. [CrossRef]

92. Davarpanah, R.; Ahmadi, S.H. Modeling the effects of irrigation management scenarios on winter wheat yield and water use
indicators in response to climate variations and water delivery systems. J. Hydrol. 2021, 598, 126269. [CrossRef]

93. Gao, Y.; Zhang, M.; Wang, Z.; Zhang, Y. Yield sustainability of winter wheat under three limited-irrigation schemes based on a
28-year field experiment. Crop. J. 2022, 10, 1774–1783. [CrossRef]

94. Dar, E.A.; Brar, A.; Dar, S.A.; Aljuaid, B.S.; El-Shehawi, A.M.; Rashid, R.; Shah, Z.A.; Yousuf, A.; Bhat, M.A.; Ahmed, M.; et al.
Quantitative response of wheat to sowing dates and irrigation regimes using CERES-Wheat model. Saudi J. Biol. Sci. 2021, 28,
6198–6208. [CrossRef]

95. He, J.; Cai, H.; Bai, J. Irrigation scheduling based on CERES-Wheat model for spring wheat production in the Minqin Oasis in
Northwest China. Agric. Water Manag. 2013, 128, 19–31. [CrossRef]

96. Zeng, R.; Yao, F.; Zhang, S.; Yang, S.; Bai, Y.; Zhang, J.; Wang, J.; Wang, X. Assessing the effects of precipitation and irrigation on
winter wheat yield and water productivity in North China Plain. Agric. Water Manag. 2021, 256, 107063. [CrossRef]

97. Kheir, A.M.; Alrajhi, A.A.; Ghoneim, A.M.; Ali, E.F.; Magrashi, A.; Zoghdan, M.G.; Abdelkhalik, S.A.; Fahmy, A.E.; Elnashar, A.
Modeling deficit irrigation-based evapotranspiration optimizes wheat yield and water productivity in arid regions. Agric. Water
Manag. 2021, 256, 107122. [CrossRef]

98. Shevkani, K.; Singh, N.; Bajaj, R.; Kaur, A. Wheat starch production, structure, functionality and applications—A review. Int. J.
Food Sci. Technol. 2017, 52, 38–58. [CrossRef]

99. Bakke, A.; Vickers, Z. Consumer liking of refined and whole wheat breads. J. Food Sci. 2007, 72, S473–S480. [CrossRef]
100. Ansari, F.; Pimentel, T.C.; Pourjafar, H.; Ibrahim, S.A.; Jafari, S.M. The influence of prebiotics on wheat flour, dough, and bread

properties; resistant starch, polydextrose, and inulin. Foods 2022, 11, 3366. [CrossRef]
101. Sun, H.; Ouyang, S.; Duan, X. Wheat quality in China–status and challenge. Sci. Technol. Cereal Oil Food. 2017, 25, 1–4. (In Chinese)
102. Buster, M.; Simpfendorfer, S.; Guppy, C.; Sissons, M.; Flavel, R.J. Fusarium crown rot reduces water use and causes yield penalties

in wheat under adequate and above average water availability. Agronomy 2022, 12, 2616. [CrossRef]
103. Guo, Q.; He, Z.; Xia, X.; Qu, Y.; Zhang, Y. Effects of wheat starch granule size distribution on qualities of Chinese steamed bread

and raw white noodles. Cereal Chem. 2014, 91, 623–630. [CrossRef]

http://doi.org/10.1016/j.agwat.2021.106762
http://doi.org/10.1016/j.fcr.2017.08.007
http://doi.org/10.1016/j.agrformet.2017.11.023
http://doi.org/10.1016/j.agwat.2017.11.003
http://doi.org/10.1093/jxb/erv034
http://www.ncbi.nlm.nih.gov/pubmed/25873664
http://doi.org/10.1016/j.agwat.2022.107782
http://doi.org/10.1016/j.agwat.2017.03.031
http://doi.org/10.1016/j.fcr.2022.108484
http://doi.org/10.1016/j.agwat.2019.03.011
http://doi.org/10.1016/j.agee.2017.07.019
http://doi.org/10.1080/01904167.2018.1462381
http://doi.org/10.1016/j.agwat.2022.107580
http://doi.org/10.1016/j.agwat.2020.106298
http://doi.org/10.1016/j.jhydrol.2021.126269
http://doi.org/10.1016/j.cj.2022.04.006
http://doi.org/10.1016/j.sjbs.2021.06.074
http://doi.org/10.1016/j.agwat.2013.06.010
http://doi.org/10.1016/j.agwat.2021.107063
http://doi.org/10.1016/j.agwat.2021.107122
http://doi.org/10.1111/ijfs.13266
http://doi.org/10.1111/j.1750-3841.2007.00440.x
http://doi.org/10.3390/foods11213366
http://doi.org/10.3390/agronomy12112616
http://doi.org/10.1094/CCHEM-01-14-0015-R


Plants 2023, 12, 692 17 of 18

104. Grahmann, K.; Govaerts, B.; Fonteyne, S.; Guzman, C.; Soto, A.P.G.; Buerkert, A.; Verhulst, N. Nitrogen fertilizer placement and
timing affects bread wheat (Triticum aestivum) quality and yield in an irrigated bed planting system. Nutr. Cycl. Agroecosystems
2016, 106, 185–199. [CrossRef]

105. Xia, J.; Zhu, D.; Chang, H.; Yan, X.; Yan, Y. Effects of water-deficit and high-nitrogen treatments on wheat resistant starch
crystalline structure and physicochemical properties. Carbohydr. Polym. 2020, 234, 115905. [CrossRef] [PubMed]

106. Yang, J.; Zhang, J.; Wang, Z.; Xu, G.; Zhu, Q. Activities of key enzymes in sucrose-to-starch conversion in wheat grains subjected
to water deficit during grain filling. Plant Physiol. 2004, 135, 1621–1629. [CrossRef]

107. Guo, T.; Song, X.; Ma, D.; Zha, F.; Yue, Y. Effects of nitrogen application rate on carbon and nitrogen transportation in winter
wheat. Acta Bot. Boreal. Occident. Sin. 2007, 27, 1605–1610. (In Chinese)

108. Noorka, I.R.; da Silva, J.A.T. Mechanistic insight of water stress induced aggregation in wheat (Triticum aestivum L.) quality: The
protein paradigm shift. Not. Sci. Biol. 2012, 4, 32–38. [CrossRef]

109. Kindred, D.R.; Verhoeven, T.M.O.; Weightman, R.M.; Swanston, J.S.; Agu, R.C.; Brosnan, J.M.; Sylvester–Bradley, R. Effects of
cultivar and fertiliser nitrogen on alcohol yield, grain yield, starch and protein content, and protein composition of winter wheat.
J. Cereal Sci. 2008, 48, 46–57. [CrossRef]

110. Guo, X.; Sun, X.; Ma, J.; Lei, T.; Zheng, L.; Wang, P. Simulation of the water dynamics and root water uptake of winter wheat in
irrigation at different soil depths. Water 2018, 10, 1033. [CrossRef]

111. Li, F.; Xu, X.; He, Z.; Xiao, Y.; Chen, X.; Wang, Z. Dry matter accumulation and water use performance of winter wheat cultivar
Zhongmai 175 under three limited irrigation levels. Sci. Agric. Sin. 2018, 51, 374–385. (In Chinese)

112. Zi, Y.; Shen, H.; Dai, S.; Ma, X.; Ju, W.; Wang, C.; Guo, J.; Liu, A.; Cheng, D.; Li, J. Comparison of starch physicochemical properties
of wheat cultivars differing in bread–and noodle–making quality. Food Hydrocoll. 2019, 93, 78–86. [CrossRef]

113. Dai, Z.; Yin, Y.; Wang, Z. Activities of key enzymes involved in starch synthesis in grains of wheat under different irrigation
patterns. J. Agric. Sci. 2009, 147, 437–444. [CrossRef]

114. Rajala, A.; Hakala, K.; Mäkelä, P.; Muurinen, S.; Peltonen-Sainio, P. Spring wheat response to timing of water deficit through sink
and grain filling capacity. Field Crops Res. 2009, 114, 263–271. [CrossRef]

115. Rezaei, M.; Zehtab–Salmasi, S.; Najafi, N.; Ghassemi–Golezani, K.; Jalalikamali, M. Effects of water deficit on nutrient content and
grain protein of bread wheat genotypes. J. Food Agric. Environ. 2010, 8, 535–539.

116. DU, X.-D.; Zhao, H.-W.; Wang, J.-G.; Liu, H.-L.; Yang, L.; Xu, J.; Song, J.-T. Changes in Starch Accumulation and Activity of
Enzymes Associated with Starch Synthesis under Different Nitrogen Applications in Japonica Rice in Cold Region. Acta Agron.
Sin. 2012, 38, 159–167. [CrossRef]

117. Ahmadi, A.; Baker, D. The effect of water stress on the activities of key regulatory enzymes of the sucrose to starch pathway in
wheat. Plant Growth Regul. 2001, 35, 81–91. [CrossRef]

118. Lafiandra, D.; Riccardi, G.; Shewry, P.R. Improving cereal grain carbohydrates for diet and health. J. Cereal Sci. 2014, 59, 312–326.
[CrossRef] [PubMed]

119. Mehrabi, F.; Sepaskhah, A.R. Partial root zone drying irrigation, planting methods and nitrogen fertilization influ-ence on
physiologic and agronomic parameters of winter wheat. Agric. Water Manag. 2019, 223, 105688. [CrossRef]

120. Liu, J.; Wiberg, D.; Zehnder, A.J.B.; Yang, H. Modeling the role of irrigation in winter wheat yield, crop water productivity, and
production in China. Irrig. Sci. 2007, 26, 21–33. [CrossRef]

121. Senapati, N.; Stratonovitch, P.; Paul, M.J.; Semenov, M. Drought tolerance during reproductive development is important for
increasing wheat yield potential under climate change in Europe. J. Exp. Bot. 2018, 70, 2549–2560. [CrossRef]

122. Hazard, B.; Trafford, K.; Lovegrove, A.; Griffiths, S.; Uauy, C.; Shewry, P. Strategies to improve wheat for human health. Nat. Food
2020, 1, 475–480. [CrossRef]

123. Copeland, L.; Blazek, J.; Salman, H.; Tang, M.C. Form and functionality of starch. Food Hydrocoll. 2009, 23, 1527–1534. [CrossRef]
124. Panlasigui, L.N.; Thompson, L.U.; Juliano, B.O.; Pérez, C.M.; Yiu, S.H.; Greenberg, G.R. Rice varieties with similar amylose

content differ in starch digestibility and glycemic response in humans. Am. J. Clin. Nutr. 1991, 54, 871–877. [CrossRef]
125. Li, H.; Dhital, S.; Slade, A.J.; Yu, W.; Gilbert, R.G.; Gidley, M.J. Altering starch branching enzymes in wheat generates high-amylose

starch with novel molecular structure and functional properties. Food Hydrocoll. 2019, 92, 51–59. [CrossRef]
126. Li, J.; Inanaga, S.; Li, Z.; Eneji, A.E. Optimizing irrigation scheduling for winter wheat in the North China Plain. Agric. Water

Manag. 2005, 76, 8–23. [CrossRef]
127. Flagella, Z.; Giuliani, M.M.; Giuzio, L.; Volpi, C.; Masci, S. Influence of water deficit on durum wheat storage protein composition

and technological quality. Eur. J. Agron. 2010, 33, 197–207. [CrossRef]
128. Tong, J.; Wang, S.; He, Z.; Zhang, Y. Effects of reduced nitrogen fertilization and irrigation on structure and physicochemical

properties of starch in two bread wheat cultivars. Agriculture 2021, 11, 26. [CrossRef]
129. Blazek, J.; Copeland, L. Pasting and swelling properties of wheat flour and starch in relation to amylose content. Carbohydr. Polym.

2008, 71, 380–387. [CrossRef]
130. Wang, C.; Ma, Y.; Zhou, S.; Zhou, J.; Si, Z. Study on effects of soil drought stress on winter wheat senescence. Acta Agric. Univer.

Henan 1996, 30, 309–311. (In Chinese)
131. Ma, D.; Zhu, Y.; Guo, T.; Wang, C. Effects of genotype environment and G * E interaction on wheat quality of Henan Province and

the stability analysis. J. Triticeae Crops 2002, 22, 13–18. (In Chinese)

http://doi.org/10.1007/s10705-016-9798-6
http://doi.org/10.1016/j.carbpol.2020.115905
http://www.ncbi.nlm.nih.gov/pubmed/32070524
http://doi.org/10.1104/pp.104.041038
http://doi.org/10.15835/nsb447985
http://doi.org/10.1016/j.jcs.2007.07.010
http://doi.org/10.3390/w10081033
http://doi.org/10.1016/j.foodhyd.2019.02.014
http://doi.org/10.1017/S0021859609008612
http://doi.org/10.1016/j.fcr.2009.08.007
http://doi.org/10.3724/SP.J.1006.2012.00159
http://doi.org/10.1023/A:1013827600528
http://doi.org/10.1016/j.jcs.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24966450
http://doi.org/10.1016/j.agwat.2019.105688
http://doi.org/10.1007/s00271-007-0069-9
http://doi.org/10.1093/jxb/ery226
http://doi.org/10.1038/s43016-020-0134-6
http://doi.org/10.1016/j.foodhyd.2008.09.016
http://doi.org/10.1093/ajcn/54.5.871
http://doi.org/10.1016/j.foodhyd.2019.01.041
http://doi.org/10.1016/j.agwat.2005.01.006
http://doi.org/10.1016/j.eja.2010.05.006
http://doi.org/10.3390/agriculture11010026
http://doi.org/10.1016/j.carbpol.2007.06.010


Plants 2023, 12, 692 18 of 18

132. Wang, Y.; Chen, J.; Qu, J.; Li, W.; Zhou, S. Effects of soil water on grain yield and quality in winter wheat. J. Laiyang Agric. Colleg.
2002, 19, 7–9. (In Chinese)

133. Alghory, A.; Yazar, A. Evaluation of net return and grain quality characteristics of wheat for various irrigation strategies under
the Mediterranean climatic conditions. Agric. Water Manag. 2018, 203, 395–404. [CrossRef]

134. Ali, M.; Hoque, M.; Hassan, A.; Khair, A. Effects of deficit irrigation on yield, water productivity and economic returns of wheat.
Agric. Water Manag. 2007, 92, 151–161. [CrossRef]

135. Eid, A.R.; El-Farouk, A.M.; Bakry, B.A.; Elbegawy, M.K. Effect of sprinkler irrigation systems and irrigation frequency on water
use efficiency and economical parameters for wheat production. Int. J. Sci. Res. Agric. Sci. 2014, 1, 56–66. [CrossRef]

136. Erekul, O.; Gotz, K.; Gurbuz, T. Effect of supplemental irrigation on yield and bread–making quality of wheat (Triticum aestivum L.)
varieties under the Mediterranean climatical conditions. Turk. J. Field Crops 2012, 17, 78–86.

137. Gooding, M.; Ellis, R.; Shewry, P.; Schofield, J. Effects of restricted water availability and increased temperature on the grain
filling, drying and quality of winter wheat. J. Cereal Sci. 2003, 37, 295–309. [CrossRef]

138. Guttieri, M.; McLean, R.; Stark, J.; Souza, E. Managing irrigation and nitrogen fertility of hard spring wheats for op-timum bread
and noodle quality. Crop Sci. 2005, 45, 2049–2059. [CrossRef]

139. Tari, A.F. The effects of different deficit irrigation strategies on yield, quality, and water-use efficiencies of wheat under semi-arid
conditions. Agric. Water Manag. 2016, 167, 1–10. [CrossRef]

140. Zhang, P.; Ma, G.; Wang, C.; Lu, H.; Li, S.; Xie, Y.; Ma, D.; Zhu, Y.; Guo, T. Effect of irrigation and nitrogen application on grain
amino acid composition and protein quality in winter wheat. PLoS ONE 2017, 12, e0178494. [CrossRef]

141. Silva, R.R.; Zucareli, C.; Fonseca, I.C.D.B.; Riede, C.R.; Gazola, D. Nitrogen management, cultivars and growing environments on
wheat grain quality. Rev. Bras. Eng. Agrícola Ambient. 2019, 23, 826–832. [CrossRef]
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