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Abstract
Drought has become one of the major constraints on agricultural development, particularly in areas lacking water. Studying the effects of different water stresses on photosynthesis, growth, yield, water use efficiency (WUE) and water productivity (IWP) of winter wheat will provide scientific irrigation strategies for developing water-saving agriculture. According to the size of the water field capacity, four different water stress levels were set, i.e., 30–40% of water field capacity (severe stress), 40–50% (moderate stress), 50–60% (mild stress) and 60–80% (well-watered), through an automatic irrigation system by controlling the irrigation amount. The results showed that the diurnal and seasonal changes in photosynthetic parameters such as net photosynthetic rate (Pn), intercellular carbon concentration (Ci), stomatal conductance (Gs), and transpiration (E) significantly decreased under moderate and severe stress. The Pn of mild stress only slightly decreased compared to that of well-watered and was even higher after May 16th. As a result, the dry biomass and 1000-grain weight under mild stress increased 2.07% and 1.95% compared with well-watered. Under all water stresses, the heights and straw weights of the winter wheat significantly decreased. It was also found that mild water stress increased the WUE and IWP, which further resulted in the negligible decrease of the fresh weight of the aboveground biomass, dry biomass weight, spike weight, grain weight. Conversely, WUE and IWP significantly decreased under moderate and severe stress, which can affect the growth of winter wheat. So the fresh weight of the aboveground biomass, dry biomass weight, spike weight, grain weight also significantly decreased under moderate and severe stress. Thus, mild stress (60–80% water field capacity) results in the optimal use of water resources without a significant reduction in yield in the North China Plain (NCP). Therefore, mild stress can be considered as a suitable environment for winter wheat growth in arid areas.
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1. Introduction

Wheat is one of the three main food crops (Zheng et al., 2017). The North China Plain is the main wheat-planting area in China, although drought often occurs here (Li et al., 2015). Drought has become an important environmental factor restricting agricultural development in this region (Richards et al., 2000; Samarah et al., 2004). If drought occurs during the wheat growth period, it will have a great impact on the wheat yield and easily result in a food security crisis (Pampino et al., 2006). Irrigation has become the main means to alleviate drought. However, water resources are scarce on the North China Plain. Improper irrigation not only wastes water resources but also damages crop growth (Cakir et al., 2004). Therefore, it is necessary to study proper irrigation techniques, improve the water use efficiency (WUE) and irrigation water productivity (IWP) and increase production.

Drought has an effect on the physiological parameters of vegetation such as chlorophyll content, photosynthetic parameters, biomass and yield (N Katerji et al., 2009; Ghobadi et al., 2013;Chen et al., 2015; Ali et al., 2018). At present, many scholars have studied how the soil water content or relative water content of leaves affects crop photosynthesis and yield (León-Sánchez et al., 2016; Mathobo et al., 2017; Torabian et al., 2018). Studies have shown that drought causes stomatal restriction or nonstomatal restriction during photosynthesis, or both (Izanloo et al., 2008; Carmo-Silva et al., 2010). Drought reduces the intercellular CO2 concentration through stomatal restriction, resulting in limiting photosynthesis (Hura et al., 2007). Nonstomatal limitation can be shown as an inhibition of Rubisco or short ATP, a decrease in photosynthetic pigment content, or a photosynthetic system reducing the activity of enzymes involved in light cooperation to suppress crop photosynthesis (Friso et al., 2004; Song et al., 2016). Drought would shorten the time of photosynthesis of wheat during the flowering stage. In the flag leaf stage, water shortage would reduce the assimilation rate. Drought would accelerate the decomposition of assimilate during senescence (Bengtsson F et al., 2016). Therefore, drought would affect the growth of wheat at different growth stages. Drought restricts photosynthesis of wheat will further affect the height, biomass and yield.
WUE is related to the ability of plant to absorb concentrations of carbon and to limit water loss by controlling stomatal closure (Amanda, M et al., 2014; Liu et al., 2016; Ali et al., 2018). WUE is also closely related to the net photosynthetic rate (Pn) and transpiration rate (E) and is influenced by soil water content (Araus et al., 2002; de Santana et al., 2015). N Katerji (2009) and Mashilo J (2017) show that water stress reduces the WUE, but Liu (2016) show that WUE tends to increase with an increase in mild water stress. Therefore, it is crucial to study the effect of water stress on WUE. Irrigation water productivity (IWP) is associated with yield and irrigation volume (Ali et al., 2007). It is necessary to understand the relationship between yield and irrigation. How to improve WUE and IWP while ensuring yield in arid regions is a problem to be solved.
In this study, four different water stresses gradients were established by controlling the irrigation amount to explore how different water stresses affected the growth, WUE and IPW of winter wheat. The purpose of this study was to (1) analyze the effects of different water stresses on photosynthesis, height and biomass of winter wheat from the perspective of a mechanism and (2) explore the influence of different water stresses on the relationship of yield with the WUE and IWP. This study can help farmers make the best use of limited water resources in areas with a water shortage, improve the WUE, increase the yield, and provide strong theoretical support for water-saving agriculture.
2. Materials and methods
2.1 Study site description
This experiment was conducted in the Fangshan Comprehensive Experimental Station of Beijing Normal University  in northern  Xiapodian Village, Doudian, Fangshan District, Beijing, at 39°35 'N and 115°42.5' E. The test station is located in the plain area of Fangshan District, which belongs to the warm temperate semi-humid monsoon continental climate zone. The annual average temperature is 11.6°C, the lowest temperature in January, the monthly average temperature is -5.6°C, the highest temperature in July, the monthly average temperature is 26°C. The average annual precipitation is 602.5mm, the distribution of precipitation season is uneven, and there is less precipitation in winter and spring, accounting for 1.6% and 10.1% of the annual precipitation, respectively. The frost-free period is 191 days. According to the international classification standards of soil type, the soil type of the field is loam (14.5% clay, 40.8% silt, 44.7% sand). Soil bulk density and field capacity were 1.39g/cm3 and 25%, respectively. The soil organic matter content is 10.36g/kg, and the total nitrogen and total phosphorus contents are 0.95g/kg and 0.28g/kg, respectively.
2.2 Experimental design and treatments
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Figure 1. (a) Location of the experimental field, (b) No. of irrigation and irrigation amount of different water treatments during the growing season, (c) experimental field of winter wheat under different water treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Px’ and Px’’ are the replications of Px.
The winter wheat planted in this experiment is Jinnong 7. The winter wheat is planted on October 10, 2018, and harvested on June 10, 2019. Before planting, organic fertilizer (chicken manure) was applied to each plot at 4000kg/hm2. Diammonium phosphate (N, 18%; P2O5,46%) at 1000kg/hm2 and urea (NH2) 2CO (N, 46%) at 1000kg/hm2 were applied on March 5, 2019. Each plot was planted with 15 rows of winter wheat, with rows spaced 20cm apart and planting density of 350 seeds per square meter.

Water stress was applied through setting four levels treatments of moisture randomized completely with three replications. The experiment was carried out in four 3 m × 4 m plots and. To prevent water penetration between different plots, 1m-high concrete walls were used between plots to block water flow and eliminate interference of water penetration among different plots. According to the field water capacity, the experimental fields were controlled to be 60–80% of the field water capacity (well-watered, P1), 50–60% (mild stress, P2), 40–50% (moderate stress, P3), and 30–40% (severe stress, P4), respectively. Gradient irrigation was used to create different water stress levels. To more accurately control the soil moisture, advanced automatic irrigation system was used during the experiment. The automatic irrigation system monitors the soil water content in the water pool through a single-chip microcomputer. When the water content is lower than the lower limit of the set threshold, the single-chip microcomputer will open a solenoid valve through a relay and begin automatic irrigation. When the water content is higher than the upper limit of the set threshold, the microcontroller will close the solenoid valve through the relay, ending the irrigation. To ensure the emergence rate of winter wheat, plots were irrigated without a difference on November 20, 2018, and March 5, 2019, with irrigation amounts of 100 mm and 95.24 mm, respectively. The amount of irrigation was controlled from April 4. Plot P1 was irrigated 9 times with a cumulative irrigation of 366.67 mm, P2 6 times with a cumulative irrigation of 300.00 mm, P3 4 times with a cumulative irrigation of 261.91 mm, and P4 3 times with a cumulative irrigation of 214.29 mm.
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Figure 2. (a) Precipitation during the winter wheat growing season and (b) irrigation under different water treatments.
2.3 Soil moisture

Soil moisture data were collected by the automatic soil moisture monitoring system (Hydra Probe, Stevens, USA). The system composed of data collectors and soil moisture sensors. The sensors are installed at depths of 10, 20 and 50 cm below the surface in every plot. The collectors collected data through an SDI-12 bus at an interval of 5 min. Meanwhile, the data are sent to the server through GPRS, and users can view and download the data through browsers.

2.4 Photosynthetic parameters 
On clear, cloudless days, measurements were taken in the experimental plots using the portable photosynthesis measurement system Li-6800 (LI-COR, USA) from 8:00 to 18:00.The environment in the leaf chamber was not controlled during the measurement. The light was natural light and gas was exchanged through the connection between the buffer bottle and the air inlet of the main engine, and the CO2 concentration and photosynthetic active radiation were the true values of the environment. The “Flow Setpoint” was set at 500 μmol• s-1 and the “Fan Speed” was set at 10,000 rpm .
In each experimental plot, 10 individual plants with good growth and no diseases and pests were selected. The photosynthetic parameters were measured using one leaf in each plant. Measurements were taken every 3 to 9 days, depending on the weather. The observed indicators included net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (Gs), intercellular CO2 concentration (Ci), etc.   
2.5 Wheat growth and yield

10 individual plants were selected from each plot and their heights measured using a tape measure. The ten plants were cut close to the ground, placed in an envelope, and quickly weighed as fresh biomass of winter wheat. They were placed into an incubator at 105 °C for 30 min to de-enzyme, and the temperature of the incubator was adjusted to 85 °C for drying until the weight remained constant. Finally, the plants were weighed for the dry weight of the aboveground biomass.

On June 10, 1 m2 of winter wheat was harvested from each plot. After drying, the grain, straw, spike and 1000-grain weights were measured to prepare for the following analysis.

2.6 WUE and IWP
ET was calculated as follows:

                      ET = P+ I − D − R − △SW                     (1)                     
in which ET (mm) is evapotranspiration; P (mm) is rainfall; I (mm) is the amount of irrigation water; D (mm) is the downward drainage beneath the crop root zone; and R (mm) is surface runoff, which is ignored in this study. △SW refers to changes in soil moisture content at different levels (0-80cm) from planting to harvesting (Li et al., 2012). 
The WUE was calculated as follows:

                        WUE = Y/ET                             (2)
where WUE is the water use efficiency; Y (kg m-2) is the grain yield (Liu et al., 2016).

Irrigation water productivity (IWP) was calculated as follows:

                         IWP=Y/I                               (3)
2.7 Statistical analysis

Data were collated in Microsoft Excel 2013, and one-way ANOVA was performed using Statistical Product and Service Solutions 21 (SPSS21). Differences between means were analyzed using the least of significance (LSD) test at 5% probability level. Graphs were created by using OriginPro 8.
3. Results
3.1 Soil moisture observations during the experimental period
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Figure 3. The changes of soil moisture during the experiment under different water treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. The values were calculated using the average of soil moisture at 10, 20, 50 cm depth.
The data of soil moisture were recorded from sowing to harvesting. The values were calculated using the average of soil moisture at 10, 20, 50 cm depth. Figure 3 shows the changes of soil moisture under different water treatments. On April 4th, because the P1 and P2 plots reached the lower limit of soil moisture, the automatic irrigation equipment irrigated the plots and their soil moisture rose. However, P3 and P4 have not reached the lower limit of soil moisture, so no irrigation was carried out and the soil moisture continues to decline. It can be seen from Figure 3 that after irrigation, the soil moisture rises, and irrigation was performed when the soil moisture fell to the lower limit. In the experiment, the soil moisture in each plot was roughly within the set range, and most of the time P1>P2>P3>P4, indicating that the water control experiment was successful.
3.2 Diurnal and seasonal changes of photosynthetic parameters
3.2.1 Stomatal conductance and intercellular CO2
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Figure 4. Seasonal changes in photosynthetic parameters (a) stomatal conductance (b) intercellular carbon concentration (c) net photosynthetic rate and (d) transpiration of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Bars indicate the standard deviation (SD) of the mean.
Gs is the degree of stomatal opening, which is a window for gas exchange in leaves that controls vegetation photosynthesis and transpiration. Water stress reduced Gs at both daily and seasonal scales (Figure 4a, Figure 5). Gs decreased significantly with the duration of water stress. The changes of Gs of P1 and P2 were similar, but different from P3 and P4. For example, on May 16, the Gs of P1 and P2 showed a "single peak," first increasing and then decreasing, and reaching the maximum value at 11:00. The Gs of P3 and P4 showed a decreasing trend, with a large decrease during the morning and a slow decrease during the afternoon. At seasonal, the mean value of Gs at different growth stages ranking as follows: P1 > P2 > P3 > P4. Compared to P1, the mean Gs values of P2, P3 and P4 decreased by 26.48%, 49.55% and 60.91%, respectively. The Gs of P1 and P2 began to decline on April 22, with that of P1 reaching a minimum value on May 6 and P2 reaching a minimum value on May 9, with values of 0.35 and 0.22 mol m-2s-1, respectively. Then, the values began to increase, peaking on May 16, and then falling again. Then, a second "valley" appeared on May 21, finally increasing to a maximum size of 0.50 and 0.37 mol m-2s-1. The Gs of P3 began to rapidly decrease from April 22 to May 6, and then slightly increased. After May 21, the Gs of P3 plummeted to its lowest value of 0.11 mol m-2s-1. The Gs of P4 rapidly decreased from April 22 to May 9, then leveled off, and then slowly decreased from May 16 to the minimum value of 0.06 mol m-2s-1.
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Figure 5. Diurnal variations in stomatal conductance (Gs) of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Each dot represents mean of ten plants. Bars indicate the standard deviation (SD) of the mean.
Ci is closely related to photosynthesis, which was affected by Gs directly. Ci showed downward trends under different degrees of water stress (Figure 4b, Figure 6). The diurnal change in Ci was expressed as a "valley," that is, it first decreased and then increased. The Ci value was higher during the morning, gradually decreased with the passage of time, reached a minimum value at approximately 12:00, and then gradually increased. Drought reduced the Ci of the winter wheat, with the mean Ci in the order of P1 (264.92 μmol mol-1) > P2 (238.35 μmol mol-1) > P3 (223.15 μmol mol-1) > P4 (211.66 μmol mol-1) at seasonal. Compared to that of P1, the mean Ci of P2, P3 and P4 decreased by 10.03%, 15.77% and 20.10%, respectively. The Ci change trend of the four different water stress treatments was basically the same. Except for the Ci of P1, which reached a minimum value on May 1, that of P2, P3 and P4 reached a minimum value on May 6. Then, all gradually increased, and reached a "peak" on May 16, at 289.70, 261.37, 235.80 and 195.37 mol mol-1, respectively, for P1–P4. Subsequently, except for P3, all of the other 3 treatments first decreased and then increased.
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Figure 6. Diurnal variations in intercellular carbon concentration (Ci) of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Each dot represents mean of ten plants. Bars indicate the standard deviation (SD) of the mean.
3.2.2 Net photosynthetic rate and transpiration
Pn is an important index to measure vegetation photosynthesis. Gs influences Pn by controlling Ci. So the trend of Pn was similar to Gs. The Pn was reduced by water stress at diurnal and seasonal (Figure 4c, Figure 7). We found the diurnal variation of Pn gradually decreased according to the water stress degree, ranking as P1 > P2 > P3 > P4 at different wheat growth stages. P1 and P2 showed a "single peak" shape, with Pn first increasing and then decreasing; the peak value appeared between 9:00 and 12:00. For P3, Pn presented "double peaks" on May 6, May 21, and May 29, while P4 also presented "double peaks" on May 6. It showed that Pn first increases during the morning, reaches the first peak at approximately 11:00, then begins to decrease, reaching a valley value at approximately 12:00. It then continues to increase, reaching a second peak at approximately 13:00 in the afternoon, and finally rapidly decreases. The first peak was larger than the second. For the other dates, the diurnal variation in P3 and P4 also presented a "single peak." As seen in figure 3, on the same day, the Pn difference under different water gradients was smaller during the morning and larger during the afternoon. On different dates, with the passage of time, the difference in the P1, P2, P3 and P4 Pn gradually increased.
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Figure 7. Diurnal variations in net photosynthetic rate (Pn) of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Each dot represents mean of ten plants. Bars indicate the standard deviation (SD) of the mean.
Pn decreased due to different degrees of water stress, particularly under moderate and severe stress (Figure 4c). Compared to that of the well-watered, the mean Pn of mild, moderate and severe stress decreased by 2.80%, 21.46% and 35.93%, respectively. The maximum values of Pn occurred on May 6 for the well-watered irrigation and mild stress and were 24.31 and 23.07 μmol m-2s-1, respectively. The date of the maximum Pn under moderate and severe stress was earlier, on May 1, and the maximum values were 21.66 and 21.07 μmol m-2s-1, respectively. The Pn of P1 and P2 slowly increased on April 22, reached peaks on May 6, and then sharply decreased. That for P1 increased on May 16 and leveled off after May 21. That for P2 showed a significant increase on May 9, and the value of Pn was higher than even that of P1. The change trend of Pn for P3 and P4 was basically the same, increasing on April 22, reaching the maximum value on May 1, then decreasing suddenly dropping on May 6. The Pn then stabilized and decreased after May 16. For P4, the Pn slightly increased on May 9 and then fell again on May 16.
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Figure 8. Diurnal variations in transpiration (E) of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Each dot represents mean of ten plants. Bars indicate the standard deviation (SD) of the mean.
Water stress reduced E at both daily and seasonal scales (Figure 4d, Figure 8)The change trend of E was similar to that of Pn, showing a decreasing trend with aggravation of the drought degree. Most of the time, P1, P2, P3 and P4 all showed a "single peak." E increased first and then decreased; the peak occurred between 10:00 and 13:00 and then E rapidly decreased. P1 on May 6; P2 and P3 on May 9; P3 and P4 on May 16; and P1, P2, and P3 on May 21 presented "twin peaks," showing that E first increased during the morning and achieving the first peak at approximately 10:00. It then began to decrease, reaching a valley value at approximately 12:00, and then continued to increase and at approximately 13:00 reached the second peak during the afternoon, before finally rapidly decreasing. As time passed, the difference in E between P1, P2, P3 and P4 gradually increased.

The E decrease became more pronounced as water stress intensified. At seasonal, the mean value of E was P1 > P2 > P3 > P4. Compared to P1, the mean values of P2, P3 and P4 decreased by 12.53%, 33.30% and 51.33%, respectively. The E under different water stress reached a peak on May 1. The second peak value of P1 and P3 appeared on May 9, at 11.95 and 8.32 mmol m-2s-1, respectively. Then, P1 decreased and then increased while P3 remained decreasing. P2 continued to increase after reaching a "valley" on May 6, while P4 sharply decreased after its peak on May 1, slowly declined after May 9, and slightly increased on May 21, before finally falling to its lowest value.

3.3 Height and biomass
Table 1. The height and biomass of winter wheat under different water treatments.
	Date
	Height (cm)
	
	Fresh weight (g)
	
	Dry weight (g)

	
	P1
	P2
	P3
	P4
	
	P1
	P2
	P3
	P4
	
	P1
	P2
	P3
	P4

	4/14
	42.62±1.90a
	36.27±2.04b
	30.06±1.14c
	27.87±0.76c
	
	2.41±0.16a
	1.84±0.32b
	0.76±0.25c
	0.90±0.19c
	
	0.38±0.05a
	0.31±0.07a
	0.14±0.04b
	0.15±0.05b

	4/22
	59.82±2.67a
	50.7±1.07b
	43.46±2.51c
	44.23±2.19bc
	
	6.47±0.34a
	5.69±0.43b
	4.86±0.52c
	5.36±0.38b
	
	1.22±0.23a
	1.28±0.25a
	0.81±0.29c
	0.95±0.16b

	4/26
	63.47±3.65a
	53.69±2.89b
	44.2±1.97c
	45.21±1.7c
	
	6.97±0.44a
	6.05±0.29b
	5.37±0.46c
	6.17±0.38b
	
	1.27±0.14a
	1.27±0.25a
	0.95±0.16c
	1.09±0.14b

	5/1
	70.38±2.59a
	59.02±2.48b
	50.89±1.94c
	49.29±1.21c
	
	8.49±0.53a
	7.16±0.48b
	6.35±0.66c
	6.96±0.43bc
	
	1.39±0.19a
	1.30±0.23a
	1.25±0.28a
	1.39±0.16a

	5/6
	80.78±3.78a
	60.7±1.44b
	50.98±2.43c
	53.77±2.06bc
	
	9.96±0.17b
	10.78±0.29a
	8.50±0.23c
	7.31±0.23d
	
	2.11±0.22a
	2.29±0.26a
	1.82±0.19b
	1.72±0.17b

	5/9
	81.14±3.92a
	67±2.42b
	54.8±3.04c
	54.83±1.87c
	
	9.11±0.63a
	7.16±0.67b
	7.10±0.78b
	6.64±0.59b
	
	1.97±0.17a
	1.76±0.20a
	1.70±0.21a
	1.81±0.19a

	5/16
	83.33±1.77a
	69.36±1.95b
	57.12±1.19c
	55.62±1.52c
	
	10.07±0.47a
	9.44±0.69b
	7.93±0.72c
	6.51±0.65d
	
	2.32±0.19a
	2.56±0.24a
	1.99±0.19b
	1.99±0.20b

	5/21
	84±5.29a
	69.25±0.48b
	57.22±1.6c
	55.63±1.61c
	
	9.71±0.39a
	9.99±0.71a
	8.42±0.67a
	4.98±0.38b
	
	2.77±0.13ab
	3.08±0.26a
	2.52±0.21b
	1.79±0.13c

	5/29
	84.58±3.95a
	69.38±3.48b
	64.91±2.74b
	56.02±1.09c
	
	10.35±0.66a
	10.00±0.73a
	8.66±0.46b
	4.50±0.56c
	
	3.38±0.19a
	3.45±0.23a
	3.15±0.18a
	1.87±0.14b


Note: Each value represents mean of ten plants. Values are shown as mean ± stand error (SE) of mean. Values at particular days with the same letter under different treatments are not significantly different at the level of P < 0.05 according to the LSD test.
Water stress had effects on the growth of winter wheat at various growth stages (Table 1). The maximum heights of the well-watered irrigation and mild, moderate and severe stress were 84.58, 69.38, 64.91 and 56.02 cm, respectively. Compared to the well-watered irrigation, the winter wheat

heights significantly decreased during each growth stage by 17.97%, 23.26% and 33.77%, respectively. The heights of the winter wheat increased more than 20 cm within 22 days. In particular, the height of the winter wheat under the well-watered irrigation increased nearly 40 cm. The height differences between the well-watered irrigation and the mild, moderate and severe stress were more obvious, reaching 20.08, 29.80 and 27.01 cm, respectively on May 6. Subsequently, the height of each plot slowly increased and slightly stabilized.

In addition, the measured data showed that different water stress caused different changes in the aboveground biomass of the winter wheat. During the entire experimental period, the fresh weight under the well-watered was significantly higher than that under the moderate and severe stress. However, on April 26, May 6, May 21 and May 29, the fresh weights of the well-watered irrigation and mild water stress wheat were not different; particularly on May 6 and May 21, the fresh weights of mild stress were even higher than those of the well-watered. The dry weight of the aboveground biomass was similar to the fresh weight. Between April 22 and May 29, the dry weight without water stress was significantly higher than that of the moderate and severe stress. However, the effect of mild stress on the dry weight of the aboveground biomass was not significant and did not result in a dry weight reduction. Interestingly, most of the time, the dry weights of the mild stress winter wheat were higher than those under well-watered. From the beginning of the observations to May 6, the fresh weight under each water stress rapidly increased; however, on May 9, the fresh weight of each block showed a downward trend. Subsequently, the fresh weight of the well-watered, mild stress, and moderate stress winter wheat continued to slightly increase, while the fresh weight of the severe stress winter wheat continued to decrease. During the entire observational period, the dry weight under different water gradients showed an increasing trend, except for the decrease in the well-watered, mild stress, and moderate stress wheat on May 9 and the severe stress wheat at the end of the growing season.

3.4 Yield and yield components
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Figure 9. Yield and yield components (a) grain (b) straw (c) ear (d) 1000-grain of winter wheat under different treatments. P1: well-watered; P2: mild stress; P3: moderate stress; P4: severe stress. Bars show ± standard deviation (SD). Values with the same letter under different treatments are not significantly different at the level of P < 0.05 according to the LSD test.
The grain weight, spike and 1000-grain weight decreased significantly under moderate and severe stress, but did not change significantly under mild stress (Figure 9a, Figure 9c, Figure 9d). Compared to winter wheat under well-watered, the grain weight of the mild, moderate and severe stress wheat decreased by 7.27%, 32.73% and 43.64%, respectively. The mild, moderate and severe stress decreased spike weight by 5.38%, 20.43% and 38.17%, respectively. The effect of severe stress on the 1000-grain weight of winter wheat was a significant decrease of 23.22%. Moderate stress reduced the 1000-grain weight by only 14.28%, while mild stress increased the 1000-grain weight of winter wheat by 1.95%. Water stress had a significant effect on stalk weight of winter wheat (Figure 9b). Compared to the plants under well-watered, the straw weight under the mild, moderate and severe stress decreased by 45.55%, 46.35% and 54.05%, respectively.
3.5 WUE and IWP
Table 2. Irrigation amount, ET, WUE and IWP in winter wheat under different water treatments.
	Plot
	Irrigation amount (mm)
	ET (mm)
	WUE (kg/hm2/mm)
	IWP (kg/hm2/mm)

	P1
	366.67
	484.60±18.19a
	11.40±0.67a
	15.01±0.43b

	P2
	300.00
	417.03±4.95b
	12.25±0.52a
	17.03±0.67a

	P3
	261.91
	381.35±15.36b
	9.61±0.51b
	13.94±0.28b

	P4
	214.29
	336.73±3.69c
	9.10±0.30b
	14.29±0.41b


Note: Values are shown as mean ± stand error (SE) of mean. Values in the same column with the same letter under different treatments are not significantly different at the level of P < 0.05 according to the LSD test.
Different water stress gradients had different effects on the WUE and IWP. It can be seen in Table 2 that the WUE and IWP under the moderate and severe stress significantly decreased while those under mild stress increased. Compared to those under well-watered, the WUE of the moderate and severe stress wheat decreased by 15.70% and 19.91% respectively, while the WUE of the mild stress plants increased by 7.87%. The IWP of the moderate and severe stress winter wheat decreased by 7.12% and 4.78%, while that of the mild stress wheat increased by 13.46%.
4. Discussion
Drought will become more frequent and severe in the future (Yan et al., 2016). It is crucial to understand the response of plant gas exchange, yield, WUE and IWP to drought.

It is well known that water stress can inhibit gas exchange characteristics, as a result affecting the photosynthetic capacity of plants (Subrahmanyam et al., 2006). The current study has shown that water deficit conditions significantly reduced winter wheat Pn, E, Ci, and Gs both diurnally and seasonally. This finding was consistent with Ma (2015) and Liu (2016). Controlling water loss through stomatal closure has been considered as an early response of plants to water stress (Harb et al., 2010; Yan et al., 2016). As water stress continues, stomata remain closed longer during the day. This leads to a reduction in carbon assimilation rate and water loss, which results in maintaining carbon assimilation at the expense of low water availability. Stomata are the gates where carbon-water exchange takes place (Ripley et al., 2007). Closing the stomata helps reduce water loss caused by transpiration, which can be adjusted by signals sent from the roots in drying soil. Stomatal limitation is considered to be a major factor in the weakening of photosynthesis under water stress generally (Jones et al., 1998; Tardieu et al. 1998). This is attributed to the decrease in Pn and Ci, thereby suppressing overall photosynthesis. In the case of water deficit, the reduction of leaf RWC and water potential will cause the stomata to close, leading to a decrease in the effectiveness of CO2, and results in a decrease in Pn. Stomatal closure and decreased photosynthesis are a common response of plants to water stress (Bota et al. 2004). Interestingly, in this study, the stomatal closure was not significantly affected under mild stress, resulting in no obvious reduction in photosynthesis. At from 4.22–5.1, Gs and Ci both showed a downward trend, while Pn increased, which may have been caused by increasing temperature and chlorophyll content. The increase in Pn in the different water stress plots on May 9 was due to the increase in soil water content due to irrigation.
This study found that water stress significantly reduced the height of winter wheat. This result is consistent with Taiz and Zeiger (2002) and Samarah N H (2009). The decrease in winter wheat height was mainly caused by photosynthesis and decreased osmotic potential. The decrease in photosynthesis affected the growth and development of the winter wheat resulting in a height decrease.

The fresh and dry weight of the aboveground biomass significantly decreased under both moderate and severe drought stress because the decrease in photosynthesis caused by the water deficit affected the development of leaves which were unable to fully extend. The photosynthetic effective radiation intercepted by winter wheat decreased, resulting in a decrease in plant height and material accumulation, which led to a decrease in biomass. Compared to well-watered irrigation wheat, the fresh and dry weight of the biomass of the wheat under mild stress slightly decreased in most observations and was even higher during the late growth period than that of the well-watered irrigation plants, which was consistent with the variation trend of the net photosynthetic rate (Figure 3c). This suggested that the changes in biomass were caused by the changes in photosynthesis. Compared with the control, water stress reduced the growth and biomass of wheat (Table 1). The results of the report are in line with published data (Abbas et al., 2018), which reported a decrease in wheat growth and biomass under water stress. The decrease in biomass under water stress may be due to changes of nutritional status.

Compared to that of the control, the straw weight of winter wheat decreased by 45.55%, 46.35% and 54.05%, respectively, under mild, moderate and severe drought stress. The results are consistent with Martyniak (2008) and N. Katerji (2009), who found that straw yields were significantly affected by water treatments. Studies have shown that the decrease in straw yield under water stress is usually attributed to shortened plant height (Agueda et al., 1999; Samarah et al., 2009). The 1000-grain weight of winter wheat under moderate and severe stress significantly decreased by 23.22% and 14.28%, while mild drought increased the 1000-grain weight of winter wheat by 1.95% (Figure 9d). The reduction of the 1000-grain weight can be attributed to the shorter grain filling time under water stress, which leads to lower dry matter accumulation or reduced the rate and duration of starch accumulation in the endosperm. Samarah (2004) reported that the developed grains under water stress had lower grain weight and faster grain water loss than well-irrigated plants. In our study, grain yield significantly reduced under water stress treatment. Previous studies have shown that the decrease in total grain production under water stress is due to the decrease in grain yield per unit area, such as grain weight per spike (Villegas et al., 2007), grain number per spike (Ehdaie et al., 2008), spike number per square meter (Garcı´a del Moral et al., 2003) and tillers number per plant (Samarah et al., 2004). In our study, water stress may reduce grain yield by the 1000-grain weight. It is interesting that the grain, spike and 1000-grain weight did not decrease significantly under mild stress. This was due to the fact that the photosynthesis capacity did not weaken under mild stress.
During water stress, stomatal closure leads to decreased leaf conductance, photosynthesis, and transpiration. Because of the very sensitive response of leaf conductance to reduced leaf water potential, the more conservative use of water results in higher WUE in water deficient plants, which may be a mechanism to improve resource utilization efficiency (Liu et al., 2016). WUE is an important physiological adaptation mechanism that can improve crop productivity under water scarcity conditions (Mashilo et al., 2017). Many previous studies have found that the WUE of various plant species is improved under water stress (Ye et al., 2013). An increase in WUE under mild stress was also observed in this study. We can see that the WUE under mild stress was higher than that of well-watered, which may be due to water-stressed wheat exhibits greater wildness, and wilting always occurs when saturation deficit is high. As a result, wheat absorbs material only when there is insufficient saturation. Therefore, each carbon molecule it fixes loses less water. The highest IWP was observed under mild stress, which was consistent with Oweis (2000), manifesting that the irrigation was most effective in this treatment .
5. Conclusions
It was found that different water stresses had different effects on the growth of winter wheat. Compared to well-watered, moderate and severe stress significantly reduced the Pn, E, Ci, Gs, height, fresh biomass weight, dry biomass weight, straw weight, spike weight, grain weight, 1000-grain weight, WUE and IWP of winter wheat. Under mild stress, only the height and straw weight significantly decreased while the Pn, E, Ci, Gs, fresh biomass, grain and spike weight slightly decreased. The dry biomass, 1000-grain weight, WUE and IWP under mild stress were higher than those under well-watered. Therefore, in areas with a water shortage, mild stress can be considered the most suitable environment for winter wheat growth to ensure the yield and maximize the utilization of water resources.
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