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ABSTRACT

To determine suitable thresholds for deficit irrigation of winter wheat in the well-irrigated area of the Huang-
Huai-Hai Plain, we investigated the effects of different deficit irrigation lower limits and quotas on the photosyn-
thetic characteristics and grain yield of winter wheat. Four irrigation lower limits were set for initiating irrigation
(i.e., light drought (LD, 50%, 55%, 60% and 50% of field holding capacity (FC) at the seedling-regreening, jointing,
heading and filling-ripening stages, respectively), medium drought (MD, 40%, 50%, 55% and 45% of FC at the
same stages, respectively), adequate moisture (CK1, 60%, 65%, 70% and 60% of FC at the same stages, respec-
tively), heavy drought (CK2, 35%, 40%, 45% and 40% of FC at the same stages, respectively)) and five irrigation
quota per event (30, 60, 90, 120 and 180 mm) were set for each lower limit. We found that the increase of drought
stress is conducive to normal photosynthesis of winter wheat leaves which is supported by the following findings.
First, photosynthetic rate (Pn) of LD60 treatment was higher than that of LD30, LD90, LD120, LD180, MD30,
MD60, MD90, MD120 and MD180. Then, Under the 90 mm irrigation quota treatment, the yield of winter wheat
basically increased with the increase of irrigation’s lower limit. Moreover, With the increase in irrigation quota, the
yield of winter wheat increased, and the water use efficiency (WUE) of winter wheat increased at first and then
decreased. In addition, compared with the LD30, MD30, MD60, MD90, MD120, and MD180, the yield of winter
wheat in LD60 treatment increased by about 3.23% (3-year average), 32.3%, 19.9%, 11.7%, 10.1%, and 14.6%. At
the same time, the WUE with LD60 treatment of winter wheat was significantly higher than LD90, LD120,
LD180, MD30, MD60, MD90, MD120, MD180 treatments. There was a positive correlation between soil volu-
metric water content and Pn and between yield and Pn. The key period for yield formation in winter wheat is
180 days after sowing. In conclusion, to achieve the dual goals of stable winter wheat yield and efficient utilization
of water resources in this region, the suitable threshold for initiating deficit irrigation of winter wheat is the
LD60 treatment. This conclusion provides data support for water-saving and stable yield of winter wheat in this
area.
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1 Introduction

China is the world’s largest wheat producer, accounting for 11% of the total production and 17.7% of the
total yield of the world. The Huang-Huai-Hai Plain is one of China’s predominant production regions for
winter wheat, accounting for about 75% of national the production of winter wheat [1]. The water
consumption of winter wheat during the growing season is approximately 300–450 mm. However, the
rainfall in the growing season is only 110–180 mm, which is insufficient to meet the high and stable
yield of winter wheat. As a result, wheat production in the Huang-Huai-Hai Plain heavily relies on
supplementary irrigation by utilizing groundwater [2,3]. In order to achieve stable and high yield of
winter wheat, local residents often use irrigation to make up for the necessary water during the growth
period of winter wheat [4,5]. However, the main source of irrigation water is the exploitation of
groundwater. Over the past 10 years, nearly 60–80 billion cubic meters of groundwater has been
extracted in the plains of northern China, particularly in the Huang-Huai-Hai well irrigation area. The
severe depletion of groundwater resources has led to a range of ecological and food production issues
[6,7]. Therefore, it is urgent to improve the efficient utilization of water resources in this area.

The Huang-Huai-Hai Plain mainly undertakes the rotation of summer corn and winter wheat. The
maximum root system of summer corn is about 1.00 m, which is mainly distributed above the 60 cm soil
layer [8–10]. However, Winter wheat is a densely planted crop with deep and numerous roots, in which
0–100 cm roots are evenly distributed and the root depth can reach 2 m at flowering stage [11,12].
Compared to summer corn, the winter wheat can make use of water and nutrients stored in deep soil [13].
Regulated deficit irrigation is carried out based on the unique climatic and environmental conditions and
planting patterns in this area, that is, the dual goals of increasing grain production and efficient utilization
of water resources can be achieved through appropriate lower limit of irrigation and limited irrigation.
Previous studies show that drought stress promotes the growth of winter wheat roots [14], which can
improve the efficiency of water and fertilizer use in deep soil [15,16], and change the distribution of
photosynthetic yield. Proper control of water will not reduce crop yield or even help to increase crop
yield; at the same time, after the release of moderate water stress, it shows compensation effect or over-
compensation effect [17,18]. However, the amount of limited irrigation (irrigation quota) is also very
important for crop growth, due to the fact that too little irrigation water can not completely eliminate
water stress, resulting in reduced yield and that too much irrigation water can easily cause crop lodging
and soil water infiltration, resulting in a waste of water resources [19,20]. Therefore, suitable drought
stress and reasonable irrigation quota is one of the effective ways to increase winter wheat yield, to
realize efficient utilization of water resources, to reduce groundwater exploitation and to protect
ecological environment [21,22]. Under short-term or mild drought stress, plant leaf water potential
decreases, leaf stomata close to reduce transpiration, and CO2 uptake and photosynthesis also decrease,
long-term and severe drought stress can inhibit plant growth and cause irreversible changes in apparent
morphology, resulting in plant death [23,24]. Previous studies have demonstrated that implementing
deficit irrigation with a regulation of 150 mm and simulating rainfall with 200 mm can result in
significant improvements. Specifically, these practices can increase the average photosynthetic rate by
10.4%, stomatal conductance by 27.2%, transpiration rate by 9.3%, intercellular CO2 concentration by
4.0%, grain yield by 18.9%, and water use efficiency by 75.8% [25]. Regulated deficit irrigation can
inhibit the decrease of yield of winter wheat [26,27]. The mild water deficit in the early stage of winter
wheat (lower limit of irrigation is 55% of field water holding capacity.) has the potential to save water,
maintain economic yield and improve water use efficiency [28]. The suitable irrigation quota of winter
wheat is 45.0, 55.5 and 54.0 mm, respectively at the stages of turning green to jointing, jointing to
heading and heading to filling [29]. With an increase in irrigation amount, the photosynthetic rate and
yield of winter wheat also increase. The output value shows a parabolic increase, but the marginal output
value starts to decrease. The output value per unit of irrigation decreases following a power function.
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Simultaneously, crop water consumption increases logarithmically, while soil water use efficiency decreases
[30–32].

However, considering the unique water resources environment and winter wheat planting methods in the
well irrigation area of the Huang-Huai-Hai Plain, there is still a lack of understanding regarding the
optimization of the winter wheat regulated deficit irrigation system in this area and achieving the dual
goals of water conservation and stable yield. Additionally, the mechanisms behind changes in soil
moisture during winter wheat regulated deficit irrigation, as well as the responses of leaf photosynthesis
and yield to these changes, remain unclear. Therefore, this study aims to investigate the effects of
regulated deficit irrigation (lower irrigation limit and irrigation quota) on soil moisture, leaf
photosynthetic characteristics, and winter wheat yield. The findings of this study will provide valuable
data to support water-saving practices and ensure stable yields in the well irrigation area of the Huang-
Huai-Hai Plain.

2 Materials and Methods

2.1 Experimental Site and Management
The experiment was conducted at the Xuchang irrigation experimental station (E112°42′, N34°16′,

Fig. 1) using a lysimeter facility equipped with a power-driven rain shelter. The experiment took place
during the winter wheat growing seasons from 2019 to 2022. The dimensions of the lysimeter were 2.4 m
in length, 3.6 m in width, and 3.0 m in height. The experimental site is located in the continental
monsoon climate of the north temperate zone, with an altitude of 85.0 m. The average annual temperature
is 14.3°C, and the average annual rainfall is 640.9 mm. The period from June to September accounts for
more than 70% of the annual precipitation, and the frost-free period lasts for 220 days. The annual
sunshine duration is approximately 2400 hours. The average bulk density of 1m soil layer was
1.53 g/cm3, and the field capacity was 25.40% (mass moisture content, Determination by ring knife
method). The soil of the experimental site was medium loam and the mass fractions of sand, silt, and clay
are 52.46%, 31.25%, and 16.29%, respectively. The content of organic matter, total phosphorus (P), total
potassium (K), total nitrogen, available nitrogen, available phosphorus, and available potassium, in the
plough layer before sowing was 17.85, 14.25, 2.34, 1.89, 0.97, 0.24 and 0.11 g/kg, respectively.

Figure 1: Xuchang irrigation experiment station
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Winter wheat in 2019 was sown on October 21, 2019 and harvested on June 02, 2020. The whole growth
period of winter wheat in 2019 was 225 days. Winter wheat in 2020 was sown on October 17, 2020 and
harvested on May 24, 2021. The whole growth period of winter wheat in 2020 was 219 days. Winter
wheat in 2021 was sown on October 20, 2021 and harvested on May 29, 2022. The whole growth period
of winter wheat in 2021 was 221 days. The sowing rate was 149 kg/ha, and the row spacing of winter
wheat was 20 cm each year. The agricultural management (fertilization, weeding, pest control, etc.) was
consistent. The meteorological data of winter wheat growth period are shown in Fig. 2.

2.2 Experimental Design
Two factors were set up: irrigation lower limit (D) and irrigation quota (One time with irrigation amount

of winter wheat per unit irrigated area, I).

The irrigation lower limit was set at four levels, light drought (LD) and moderate drought (MD),
adequate moisture (CK1) and heavy drought (CK2). Among them, the CK1 was 60%, 65%, 70% and
60% of field capacity (FC) at seedling to regreening stage, jointing stage, heading stage and filling to
ripening stage, respectively. The LD was 50%, 55%, 60% and 50% of FC at the seedling to regreening
stage, jointing stage, heading stage and filling to ripening stage, respectively. The MD was 40%, 50%,
55% and 45% of FC at seedling to regreening stage, jointing stage, heading stage and filling to ripening
stage, respectively. The heavy drought (CK2) was 35%, 40%, 45% and 40% of FC at seedling to
regreening stage, jointing stage, heading stage and filling to ripening stage, respectively. And
supplementary irrigation was carried out to 80% of FC after sowing. The irrigation quota was set at five
levels, which were 30, 60, 90, 120 and 180 mm, respectively, and only 90 mm of I was set for the
control CK1 and CK2.

12 treatments were designed, and each treatment was repeated 3 times (Table 1). The soil moisture was
monitored 30 days after winter wheat emergence. The soil moisture of winter wheat was monitored every

Figure 2: Meteorological data during winter wheat growth period
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5 days. When the soil moisture of winter wheat was lower than the D of designed by the experiment, the
irrigation quota designed by the experiment was carried out for irrigation. The monitoring and irrigation
of soil moisture of winter wheat were ceased 210 days after sowing.

2.3 Measurements and Computational Methods
(1) Soil volumetric water content

The soil volumetric water content (in cm3/cm3) was measured by TRIME-IPH (TRIME-PICO-IPH,
IMKO, Inc., Ettlingen, Germany) soil moisture monitoring system at 160, 170, 180 and 200 days after
winter wheat sowing. The soil volumetric water content of 0-20, 20–40, 40–60, 60–80, 80–100, 100–120,
120–140, 140–160 and 160–180 cm soil layers was measured, respectively. Two monitoring points were
selected for each plot, and the average value of these two monitoring points was used to represent the soil
volumetric water content of the respective test plot.

(2) Photosynthetic characteristics

The LI-6400 (Li-Cor, Inc., Lincoln, Nebraska, USA) photosynthetic measurement system of LI-COR
company was used to randomly select the conjoined healthy leaves with full light and consistent leaf
position to measure the gas exchange parameters such as photosynthetic rate (Pn), stomatal conductance

Table 1: Test factors and design table

No. Treatment Irrigation lower limit (%) Irrigation
quota (mm)

Irrigation amount
(mm)

Seedling and
regreening stage

Jointing
stage

Heading
stage

Filling and
ripening stage

2019 2020 2021

1 CK1 60 65 70 60 90 345 282 600

2 LD30 50 55 60 50 30 195 296 330

3 LD60 50 55 60 50 60 285 340 420

4 LD90 50 55 60 50 90 300 387 420

5 LD120 50 55 60 50 120 315 446 480

6 LD180 50 55 60 50 180 435 436 750

7 MD30 40 50 55 45 30 135 282 255

8 MD60 40 50 55 45 60 195 278 360

9 MD90 40 50 55 45 90 165 251 510

10 MD120 40 50 55 45 120 195 282 540

11 MD180 40 50 55 45 180 255 413 570

12 CK2 35 40 45 40 90 165 270 285
Note: 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020, 2021 represents winter wheat in 2021.
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(Gs), intercellular CO2 concentration (Ci) and transpiration rate (Tr). The open-air path was used in the
measurement. The CO2 gas was collected from a relatively stable 2–3 m air; the light intensity was a
natural light source, and the flow rate was set at 500 μmol/s. Three to four plants were selected in each
plot, and one leaf was selected for each plant. The date of determination was determined at about
9:00–11:00 AM on 160,170,180 and 200 days after winter wheat planting, and the error was within 3 days.

(3) Yield and water use efficiency

The 3 pieces of 1 m2 wheat were randomly selected from each plot to be harvested and threshed
manually. The weight of 1 m2 wheat was weighed by electronic scale (0.00001 kg), and finally converted
into yield per hectare (0.01 kg/ha).

The TRIME-IPH was used to measure the soil volume moisture content at different layers of soil (0–20,
20–40, 40–60, 60–80, 80–100, 100–120, 120–140, 140–160, and 160–180 cm, respectively). The soil
volume moisture content of winter wheat was measured once during sowing and harvesting. Water
consumption (ETa) and crop water use efficiency (WUE) were calculated using formulas (1) and (2),
respectively [33].

ETa ¼ I � 1000� H � ut1 � ut2ð Þ (1)

ETa represents crop water consumption during growth period (mm); I represents the irrigation quota of
crop growth period (mm); H represents the depth of the wetting layer with plan (cm); and ut1 and ut2
represent 180 cm average soil volumetric water contents at times and (cm3/cm3), respectively.

WUE ¼ Y=ETa (2)

In the equation: WUE is crop water use efficiency, kg/m3.

3 Results

3.1 Effects of Different Treatments on Soil Volumetric Water Content at Different Depths
The soil volumetric water content (VWC) for each treatment demonstrated an upward trend as soil

depths increased (Figs. 3 and 4). The soil volumetric water content of the CK1 treatment was
significantly higher than that of the drought stress treatment (p ≤ 0.05). As soil depth increased, the range
of change in soil VWC diminished over time post-sowing, with the most substantial range observed in
the 0–20 cm layer, approximately 44.1% (2019), 54.6% (2020), and 56.7% (2021). The soil VWC
initially increased with the escalation of the drought stress degree (D), and then subsequently decreased.
The maximum amplitude of shallow layer was 9.18% (3-year average), and the deep layer was 5.13%.
The change of deep soil VWC further indicated that LD was helpful for winter wheat roots to tie down
and to absorb deep soil moisture. The shallow soil (≤80 cm) VWC of 90 mm I varied greatly with the
passage of time after sowing. With the increase of I, the VWC of deep soil decreased first and then
increased, indicating that large I (≥120 mm) is helpful to recharge deep soil VWC. Until the utilization of
shallow soil moisture is completed, the root system is down, and the deep soil VWC can be absorbed and
utilized. In this study, the average change range of soil VWC of LD60 treatment with the time after
sowing was higher (p ≤ 0.05), about 41.3% (2019), 21.6% (2020), 31.8% (2021).
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Figure 3: (Continued)
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3.2 Effects of Different Treatments on Photosynthetic Characteristics of Winter Wheat
Different treatments exerted varied effects on the soil volumetric water content (VWC) in the root zone

of winter wheat. Leaf gas exchange could rapidly respond to the degree of soil water deficit in crop roots.
Tables 2–5 and Figs. 5–8 illustrate the effects of different treatments on photosynthetic characteristics.
The irrigation lower limit (D) had a significant impact on the photosynthetic rate (Pn), stomatal
conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr) of winter wheat leaves
(p ≤ 0.05). The irrigation quota (I) also significantly influenced the Pn, Gs, Ci, and Tr of winter wheat
leaves (p ≤ 0.05). As the winter wheat growth period progressed, the Pn, Gs, Ci, and Tr of the leaves
initially increased and then subsequently decreased.

3.2.1 Leaf Photosynthetic Rate (Pn) of Winter Wheat
It can be seen from Table 2 and Fig. 5 that the LD60 treatment was higher than LD30, LD90, LD120,

LD180, MD30, MD60, MD90, MD120, MD180, and CK2 by about 13.13%, 1.21%, 2.59%, 4.02%,
12.52%, 17.18%, 18.12%, 8.86%, 2.99%, and 33.04% (3-year average, p ≤ 0.05). With the increase of D,
the Pn of winter wheat leaves decreased (p ≤ 0.05). Among them, when the lower limit of irrigation
decreased from CK1 to CK2, the Pn of winter wheat leaves decreased by about 31.62%, 56.48%, and
57.26% (3-year average, p ≤ 0.05). Under the LD, with the increase of I, the Pn of winter wheat leaves
increased first and then decreased. Compared with 30, 90, 120, and 180 mm, the Pn of winter wheat
leaves with I of 60 mm increased by about 13.23%, 1.35%, 2.00%, and 4.41% (3-year average, p ≤ 0.05).

Figure 3: Changes of soil volumetric water content at different depths during the years of 2019–2021
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 160d represents 160 days after sowing of winter wheat, 170d represents
170 days after sowing of winter wheat, 180d represents 180 days after sowing of winter wheat, 200d represents 200 days after sowing
of winter wheat. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020, 2021 represents winter wheat in 2021.
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Under the MD, with the increase of I, the Pn of winter wheat leaves showed an increasing trend. The greater
the degree of D, the more the Pn of winter wheat leaves increased with the increase of I. This indicates that
with the increase of D, large I (≥120 mm) helps to store water in the deep layer (>80 cm). When shallow soil
volumetric water content (VWC) is low, the use of soil water potential difference can compensate for the
shallow layer, ensuring the normal photosynthesis of winter wheat leaves.

3.2.2 Leaf Stomatal Conductance (Gs) of Winter Wheat
It can be seen from Table 3 and Fig. 6 that the Gs of winter wheat leaves treated with LD60 were higher

than those of LD30, LD90, LD180, MD30, MD60, MD90, MD120, and MD180 (p ≤ 0.05). With the
increase in D, the Gs of winter wheat leaves showed a decreasing trend, and the Gs of winter wheat
leaves were the lowest under CK2 (p ≤ 0.05). The Gs of winter wheat leaves with an I of 60 mm under
LD treatment were higher than those of 30, 90, and 180 mm (p ≤ 0.05). As the I increased under MD
conditions, the Gs of winter wheat leaves with an I of 180 mm were 1.39, 1.30, 1.52, and 1.31 times
higher (3-year average, p ≤ 0.05) than that of 60, 90, and 120 mm.

3.2.3 Leaf Intercellular CO2 Concentration (Ci) of Winter Wheat
It can be seen from Table 4 and Fig. 7 that the Ci value of winter wheat leaves under LD60 treatment

varied greatly (46.62%, 3-year average, p ≤ 0.05) from 160 to 200 days after sowing. With the increase of D,
the Ci of winter wheat leaves decreased (p ≤ 0.05). With the increase of I, the Ci of winter wheat leaves under
LD treatment increased first and then decreased (p ≤ 0.05). With the increase of I, the Ci of winter wheat
leaves under MD increased first, then decreased, and then increased (p ≤ 0.05).

Figure 4: Variation of average soil volumetric water content during winter wheat growth period
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021
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3.2.4 Leaf Transpiration Rate (Tr) of Winter Wheat
It can be seen from Table 5 and Fig. 8 that the Tr of winter wheat leaves treated with LD60 was higher

than that of LD30, LD90, LD120, LD180, MD30, MD60, MD90, MD120 and MD180 treatments (p ≤ 0.05).
With the increase of D, the Tr of winter wheat leaves showed a decreasing trend (p ≤ 0.05). With the increase
of I, the Tr of winter wheat leaves increased first and then decreased (p ≤ 0.05).

Figure 5: Effects of different combinations of D and I on the average Pn of winter wheat leaf growth period
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same below.

Figure 6: Effects of different combinations of D and I on the average Gs of winter wheat leaf growth period
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same as below.
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3.3 Effects of Different Treatments on Yield and Water Use Efficiency of Winter Wheat
This study indicates that factors D, I, and their interaction had significant effects on winter wheat yield,

crop water consumption, and water use efficiency (WUE), as shown in Figs. 9 and 10. When compared with
LD30, MD30, MD60, MD90, MD120, MD180 and CK2, the yield of winter wheat in the LD60 treatment
was higher, increasing by about 3.23% (3-year average, p ≤ 0.05), 32.26%, 19.86%, 11.6%, 10.1%, 14.5%,
and 72.4%. There was no significant decrease in yield when compared with CK1, LD90, LD120, and LD180.

Figure 7: Effects of different combinations of D and I on the average Ci of winter wheat leaf growth period
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same as below.

Figure 8: Effects of different combinations of D and I on the average Tr of winter wheat leaf growth period
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same as below.
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At the same time, the WUE of winter wheat treated with LD60 was significantly higher than that of CK1,
LD90, LD120, LD180, MD30, MD60, MD90, MD120, MD180, and CK2, increasing by about 18.63%
(3-year average, p ≤ 0.05), 15.3%, 8.59%, 26.2%, 4.86%, 2.99%, 15.5%, 19.9%, 50.6%, and 24.7%.

Figure 9: Effects of different treatments on yield and water use efficiency of winter wheat
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same as below.
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With the increase of the D, the yield of winter wheat exhibited an increasing trend. The yield under the
LD treatment was significantly higher than that under MD and CK2 by about 25.0% and 85.4%, respectively
(3-year average, p ≤ 0.05). The Water Use Efficiency (WUE) of winter wheat under LD was significantly
higher than that of CK2 by about 9.21% (3-year average, p ≤ 0.05). Therefore, the LD is a suitable
choice. With the increase of the I, the yield of winter wheat increased (p ≤ 0.05), and the WUE initially
increased and then decreased (p ≤ 0.05). In 2019, the yield of winter wheat with 60 mm I was 14.8%
higher than that with 90 mm I (p ≤ 0.05). In 2021, the yield of winter wheat with 60 mm I was 10.3%
higher than that with 90 and 180 mm treatments (p ≤ 0.05). In 2019, the WUE of winter wheat under the
60 mm treatment was significantly higher than that under the 180 and 90 mm treatments by about 7.45%
and 16.41%, respectively (p ≤ 0.05). In 2020, the WUE of winter wheat under the 60 mm treatment was
significantly higher than that under the 90, 120, and 180 mm treatments by about 28.1%, 14.2%, and
9.5%, respectively (p ≤ 0.05). The WUE of winter wheat in the 60 mm treatment was significantly higher
than that of the 180, 120, 90 mm treatments by about 70.9%, 21.9%, and 16.8%, respectively (p ≤ 0.05),
indicating that the appropriate I was 60 mm. After comprehensive consideration, the LD60 treatment can
significantly improve WUE without significantly reducing the yield.

3.4 Relationship between Soil VWC, Pn, and Yield of Winter Wheat
The Pearson two-tailed test showed that there was a positive correlation between soil VWC and leaf Pn

of winter wheat on different days after sowing. With the advancement of the winter wheat growth period, the
correlation coefficient between soil VWC and Pn increased first and then decreased, and the correlation
between soil VWC and Pn was higher at 180 days after winter wheat sowing. With the increase in soil
depth, the correlation coefficient between soil VWC and Pn increased first and then decreased, and the
peak value was 0.729. The correlation coefficient was higher in 20–40 cm soil layer, indicating that the
soil VWC in 20–40 cm soil layer was closely related to the photosynthetic characteristics of winter wheat
leaves. In order to further describe the relationship between Pn of winter wheat leaves and soil VWC at
20–40 cm soil depth 180 days after winter wheat sowing, regression analysis was used to analyze this

Figure 10: Effects of different treatments on crop water consumption of winter wheat
Note: In this study, 12 treatments were repeated three times, a total of 36 experimental plots, each plot measured three replicates. The
figures in the figure are average value ± standard error. 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020,
2021 represents winter wheat in 2021. The different letters on the histogram of winter wheat in the same year indicated the significant
difference between different treatments at the 0.05 level, the same as below.
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relationship, as shown in Figs. 11a–11c. There was a positive correlation between leaf Pn and the yield of
winter wheat. With the advance of the winter wheat growth period, the correlation between Pn and yield
of winter wheat leaves at 180 days after sowing was the best [0.655 (2019, average value), 0.858 (2020),
0.581 (2021)], indicating that the photosynthetic product distribution of winter wheat leaves reached the
best period about 180 days after winter wheat sowing. To further illustrate the relationship between leaf
Pn and yield of winter wheat 180 days after winter wheat sowing, see Figs. 11d–11f.

The relationship between soil VWC and Pn of leaves in the 20–40 cm soil layer was a quadratic
parabolic curve at 180 days after winter wheat sowing, and the determination coefficient R2 was over
0.5654. The relationship between the Pn of leaves and the yield of winter wheat at 180 days after sowing
showed a quadratic parabolic curve, in which the determination coefficient R2 was over 0.5981. The yield

Figure 11: Regression analysis between Pn and soil volumetric water content, and between grain yield
and Pn
Note: 2019 represents winter wheat in 2019, 2020 represents winter wheat in 2020, and 2021 represents winter wheat in 2021. Pn
represents the photosynthetic rate of winter wheat leaves.
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was estimated by using the Pn of winter wheat leaves, and the production potential of winter wheat in this
area could also be indirectly evaluated by the soil VWC of 20–40 cm soil layer at 180 days after winter wheat
sowing.

4 Discussion

4.1 Effect of Regulated Deficit Irrigation on Photosynthetic Characteristics of Winter Wheat
In this study, we observed that the photosynthetic parameter Pn of winter wheat leaves decreases

proportional to an increase in D, revealing the impact of D on the photosynthetic characteristics of winter
wheat. Specifically, we found that D triggers a reduction in the activity of the hydrogen peroxide enzyme
and an increase in the activity of malondialdehyde. This, in turn, restricts the opening of stomata in the
leaves [34,35], resulting in a decrease in PSII efficiency and photosynthetic quantum conversion
efficiency [36,37]. This finding is consistent with the results of Shang et al.’s [38] study on winter wheat
study on winter wheat, Liu et al.’s [39] study on cucumber, and Zhang et al.’s [40] study on cotton,
indicating that the effect of drought stress on plant photosynthetic characteristics is consistent. Under LD
conditions, the Pn of winter wheat leaves first increases and then decreases with an increase in I. This
trend is caused by the difficulty of gas exchange between the deep soil and the atmosphere, which affects
the growth and development of crop roots and decreases the photosynthetic characteristics of the leaves
[41,42]. This difficulty in gas exchange is due to the lower degree of water deficiency, longer duration of
mild drought stress, larger single irrigation amount, and higher water content in shallow soil. Under MD
conditions, the Pn of winter wheat leaves increases with an increase in I. This further indicates that large-
scale irrigation can store some water in the soil when the lower limit of irrigation is below 55% of the
field water-holding capacity. When there is a shortage of water in the shallow soil in the later stage, deep
soil water can be transported to the shallow soil through capillary action or absorbed by the roots of
winter wheat, which helps meet the photosynthetic water demand of the leaves [43,44]. These results
reveal the mechanism of the influence of water factors on the photosynthetic characteristics of winter
wheat leaves. They also provide a scientific foundation for the management and optimization of irrigation
and photosynthetic efficiency in winter wheat.

4.2 Effect of Regulated Deficit Irrigation on Yield and Water Use Efficiency of Winter Wheat
This study found that with the increase of D, the yield of winter wheat showed a decreasing trend. This

may be due to the fact that drought stress can lead to a decrease in soil moisture. Under drought stress, crops
produce more abscisic acid (ABA) in their root systems. The inability of the crop’s root system to absorb
sufficient water for photosynthesis in the leaves, coupled with the abscisic acid produced by the root
system, leads to a reduction in stomatal aperture, limiting gas exchange between the leaves and the
external environment, thereby reducing the photosynthetic rate of the crop. The photosynthetic rate is one
of the key factors in crop growth and yield formation, so drought stress directly affects the yield of winter
wheat [45,46]. It may also be due to the fact that drought stress affects the physiological and metabolic
processes of crops. For example, drought stress can induce water loss in crop leaves, leading to an
increase in leaf temperature, which consequently affects photosynthesis [47]. Simultaneously, drought
stress can trigger a series of stress responses in crops, such as the accumulation of reactive oxygen
species and alterations in the activity of antioxidant systems, further affecting crop growth and yield.
These findings are supported by other studies [48]. For example, Du et al. [28] found in their study on
winter wheat that under drought stress, both the net photosynthetic rate (Pn) and yield of crops decreased.
In addition, Yang et al.’s [49] studied drip-irrigated chili peppers and Eyup’s [50] studied furrow-irrigated
melons, both showing that as drought stress increases, crop yield also decreases. Furthermore,
Wang et al.’s [51] research also indicated that reducing irrigation volume has a negative impact on melon
yield. These consistent results indicate that drought stress has a negative impact on grain crop yield.
Therefore, optimizing irrigation volume at different growth stages can achieve water-saving and
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high-yielding winter wheat [52]. Further research and the development of efficient irrigation management
strategies are crucial for ensuring sustainable crop production under drought conditions.

This study found that with an increase in irrigation amount, the yield of winter wheat initially increases
and then decreases. This could be due to the fact that when the irrigation volume is below 60 mm, the soil’s
volumetric water content is low, which exposes the crops to water stress. Water stress affects the growth and
development of crops, resulting in a decrease in yield. When the irrigation volume is 60 mm, the soil’s
volumetric water content is moderate, which can meet the growth needs of the crops and avoid water
stress. This appropriate water utilization can increase crop yield. However, when the irrigation volume
exceeds 60 mm, the soil’s filled porosity increases, which results in a decrease in soil aeration. This can
lead to an oxygen deficiency in the soil, adversely affecting crop growth and photosynthesis, and
consequently reducing yield [53–55]. The study also found that the Pn (net photosynthetic rate) of winter
wheat leaves under the 60 mm treatment was higher than the 30-mm, 90-millimeter, 120-millimeter, and
180-millimeter treatments, with increases of 13.23%, 1.35%, 2.00%, and 4.41%, respectively (three-year
average values). The lower photosynthetic rate of winter wheat leaves limits the increase in their yield
[56,57]. This conclusion is consistent with Golzardi et al.’s [58] findings on corn and Agbna et al.’s [59]
findings on tomatoes, suggesting that increasing irrigation volume within a certain range can increase
crop yield. Previous studies have also indicated that moderately dry soil can inhibit stem elongation,
promote root development, significantly increase the root-to-shoot ratio, without significantly reducing
yield, and improve water use efficiency [60,61]. As irrigation volume increases, although crop yield can
effectively increase, the increase in crop water consumption is greater than the increase in yield, resulting
in a decrease in crop water use efficiency [62,63]. The yield of the independent treatment with extensive
irrigation slightly decreases, which is due to the longer duration of extensive irrigation, causing
temporary oxygen stress in the plant’s root system, and resulting in a decrease in cumulative crop yield [64].

This study found that LD60 treatment of winter wheat could significantly improve soil WUE while not
significantly reducing yield. It may be due to the suitable soil hydrothermal environment of LD60 treatment,
which positively promotes the interaction between crop roots and soil environment [65]. The suitable soil
hydro-thermal environment is also beneficial to the increase of Pn of winter wheat leaves. The Pn of
winter wheat leaves treated with LD60 was higher than that of LD30, LD90, LD120, LD180, MD30,
MD60, MD90, MD120, MD180 and CK2 by 13.13%, 1.21%, 2.59%, 4.02%, 12.52%, 17.18%, 18.12%,
8.86%. 2.99%, and 33.04% (3-year average, p ≤ 0.05), respectively. The higher Pn provided a guarantee
for the stable yield of winter wheat [66]. In this study, although the yield of LD60 treatment was lower
than that of CK1, LD90, LD120, and LD180, the water consumption of LD60 treatment was smaller.
Simultaneously, compared with LD30, MD30, MD60, MD90, MD120, MD180, and CK2 treatments, the
increase of yield in LD60 treatment was less than that of water consumption, which led to the dual goal
of stable yield and efficient water use of winter wheat in LD60 treatment.

4.3 Relationship between Soil VWC, Leaf Photosynthetic Characteristics, and Yield of Winter Wheat
Under Regulated Deficit Irrigation
This study found that as the winter wheat growth period progresses, the soil moisture in each treatment

exhibits a decreasing trend. This is because the water demand of winter wheat gradually increases during its
growth, resulting in the rate of water absorption and evaporation by the crops surpassing the replenishment
rate of soil moisture. As winter wheat grows, its root system gradually extends into deeper soil layers, thereby
increasing the extraction of deep soil moisture. Furthermore, as the leaf area of winter wheat increases,
transpiration also increases, leading to a rise in the evaporation rate of soil moisture [67]. With the
increase in vegetation coverage, plant transpiration intensifies, resulting in reduced soil evaporation and a
triangular distribution of the winter wheat root system. This makes the absorption of water by the crop’s
root system the primary factor causing fluctuations in soil moisture, prompting changes in deep soil
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moisture [68,69]. Previous studies have indicated that during the filling and maturity stage of winter wheat,
the external temperature is high, surface evaporation is significant, the shallow soil water potential is low, and
the deep soil water potential is high [35]. Therefore, deep soil moisture can supply shallow soil moisture
through micro-capillary action, which can conserve soil moisture and enhance the drought resistance of
winter wheat.

This study found that the correlation between soil VWC and Pn of winter wheat leaves was strongest
180 days after winter wheat sowing. This could be attributed to the robust growth phase of winter wheat
during this period. With well-developed roots and heightened transpiration, the crop becomes more
sensitive to water deficits. Consequently, excessively high or low soil moisture can hinder the opening of
the winter wheat’s Gs, thus reducing the Pn of the leaves [70,71]. The Pn of winter wheat leaves was
positively correlated with yield, which was consistent with the conclusions of Yang et al. [72] and
Wan et al.’s [71] studies on the relationship between photosynthetic parameters and yield of winter wheat.
Due to the high soil VWC, the plant grows vigorously, the leaf area index is high, the leaf pigment
content is high, and it is easy to accumulate photosynthetic dry matter and increase the yield [73]. The
study further revealed a synergistic change between the volumetric water content of deep soil and the
photosynthetic characteristics and yield of leaves. With the increase of D, the utilization rate of deep soil
moisture by winter wheat increased gradually. Possibly due to the increase in deep soil volume containing
water, more water supply can be provided to the root system of winter wheat. As a result, the root system
of winter wheat can better absorb and utilize the water in the soil, thereby promoting leaf photosynthesis.
Photosynthesis is the process by which plants convert carbon dioxide and water into organic matter using
light energy [74]. This further contributes to an increase in winter wheat yield. Moreover, the root system
of winter wheat can more efficiently absorb water and nutrients. When the utilization rate of deep soil
moisture by winter wheat gradually increases, it can also enhance crop yield. This conclusion is
consistent with Xu’s study, which found that a large amount of rainfall in summer can be stored in the
deep soil and can be utilized by winter wheat with less rainfall during its growth period.

5 Conclusion

We conducted a systematic study on the impact of deficit irrigation on the photosynthetic characteristics
and yield of winter wheat under different combinations of D (irrigation lower limits) and I (irrigation quota).
Through our experiments, we found that under large quota irrigation (≥120 mm), as the degree of drought
increased, the degree of drought stress actually decreased, while the use of deep soil water increased.
Throughout the growth period, the photosynthetic rate (Pn) of winter wheat leaves exhibited an initial
increase followed by a decrease. Notably, the Pn of winter wheat leaves under the LD60 treatment is
better than other treatments, further indicating that moderate water deficits can enhance the photosynthetic
efficiency of winter wheat. The WUE of winter wheat treated with LD60 was significantly higher than
that of CK1, LD90, LD120, LD180, MD30, MD60, MD90, MD120, MD180, and CK2, increasing by
about 18.63% (3-year average, p ≤ 0.05), 15.3%, 8.59%, 26.2%, 4.86%, 2.99%, 15.5%, 19.9%, 50.6%,
and 24.7%. As D and I increased, the yield of winter wheat also increased, but the water use efficiency
(WUE) first increased and then decreased. In addition, we found that soil VWC and Pn were positively
correlated with winter wheat yield, further confirming the important impact of water and photosynthesis
on winter wheat yield. Especially 180 days after winter wheat sowing, which is a critical period for yield
formation. Considering all factors, to achieve the dual goals of stable yield of winter wheat in this area
and efficient use of water resources, we recommend adopting the LD60 treatment as the appropriate
deficit irrigation threshold for winter wheat. The findings of this study provide crucial references for the
irrigation management of winter wheat and contribute new insights for the efficient use of water resources.
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