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Abstract

:

During four consecutive growing seasons (2014–2018), field experiments were conducted in the North China to determine winter wheat production function. The field experiments were carried out using winter wheat subjected to four N levels (N120, N180, N240, and N300) and three irrigation levels (If, I0.8f, and I0.6f). The main aims were to characterize winter wheat productivity, drought response factor Ky, and the winter wheat grain yield production functions in relation to water supply under the different N fertilizer levels. The amount of water supply (rain + irrigation) were 326–434, 333–441, 384–492, and 332–440 mm in 2014–2015, 2015–2016, 2016–2017, and 2017–2018 growing seasons, respectively. Similarly, the values of ETa (including the contribution from soil water storage) were 413–466, 384–468, 401–466, and 417–467 mm in 2014–2015, 2015–2016, 2016–2017, and 2017–2018, respectively. ETa increased as the amount of irrigation increased. The average values of If, I0.8f, and I0.6f over the four growing seasons were 459–465, 432–446, and 404–413 mm, respectively. For the same amount of irrigation, there was only small difference in ETa among different nitrogen levels; for the three irrigation levels, the values of ETa in N120, N180, N240, and N300 ranged from 384 to 466, 384 to 466, 385 to 467, and 407 to 468 mm, respectively. Water productivity values ranged from 1.69 to 2.50 kg m−3 for (rain + irrigation) and 1.45 to 2.05 kg·m−3 for ETa. The Ky linearly decreased with the increase in nitrogen amount, and the values of r were greater than 0.92. The values of Ky for winter wheat in N120, N180, N240, and N300 were 1.54, 1.41, 1.28, and 1.25, respectively. The mean value of Ky for winter wheat over the three irrigation levels and the four nitrogen levels was 1.37 (r = 0.95). In summary, to gain higher grain yield and WUE, optimal combination of N fertilizer of 180–240 kg·ha−1 and irrigation quota of 36–45 mm per irrigation should be applied for winter wheat with drip fertigation in the North China Plain.
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1. Introduction


Agricultural irrigation, which is the top water consumer in the world, is essential for intensification of food production. The North China Plain (NCP) is the main agricultural production region in China, which contributes 48% and 39% of the national wheat and maize production, respectively [1]. Winter wheat consumes 80% of irrigation water in the NCP [2]. With the reduction of fresh water resources and mismanagement of nitrogen fertilizer application rates in the NCP, which are bringing potential threats to groundwater security [3], drip irrigation with high water and nitrogen use efficiency of irrigation water and fertilizer, respectively, has been used widely for wheat production in this region [4,5,6]. However, the abundant harvest in previous years under water-saving irrigation technologies still resulted in a further decline in the groundwater table and seriously affected the ecoenvironment [7]. With the rapid economic development, the urban and ecological water for the cities and the environment is increasing [8]. In order to avert the imbalance between the supply and demand for agricultural water and maintain high yield level and sustainable development of local agriculture, it is vital that irrigation and nitrogen management is optimized.



Crop-water production functions, which expresses the relationship between the crop yield (biomass yield, grain yield, and lint yield) and crop water use during the growing season, are important tools for quantifying effects of water scarcity on agricultural production [9]. It helps to mathematically describe how crop yields respond to variable irrigation water inputs and determine the value for irrigation water. Limited and declining water availability in the NCP, where irrigation is practiced, evokes the need for deficit irrigation. Crop water production function is necessary for deficit irrigation scheduling.



The objectives of this study were to determine (i) winter wheat productivity under different water and N fertilizer applied with drip irrigation; (ii) winter wheat-yield responses to water and nitrogen fertilizer, and (iii) water use efficiency and yield response factor for winter wheat under different supplies of water and nitrogen fertilizer.




2. Materials and Methods


2.1. Study Site


Field experiments were conducted during the winter wheat growing seasons from 2014 to 2018 at the Experimental Station of Chinese Academy of Agricultural Science (CAAS), located at Qiliying (35°08′ N, 113°45′ E and 81 m altitude), Xinxiang City of Henan Province, China. The mean annual rainfall (1951–2014 climate data) at the station is 578 mm of which only 28% (162 mm) occurs during the winter wheat growing season (October to June), and the mean annual temperature is 14 °C. The climatic data for the four consecutive seasons from 2014 to 2018 are shown in Table 1. The soil texture is a loam and other soil physical parameters are shown in Table 2. The 0–100 cm soil layer was sampled to determine the basic properties before the establishment of this experiment. The total N, Olsen-P, exchangeable K, and soil organic matter content of the experimental soil of 0–40 cm layer was 11 g kg−1, 24.5 mg kg−1, 129.6 mg kg−1, and 10.7 g kg−1, respectively. Soil pH and electrical conductivity were 8.5 and 252.6 μs cm−1, respectively. The groundwater level was more than 6 m in the experiment field.




2.2. Experimental Design


Factorial experimental design of three irrigation levels and four N-fertilizer rates, resulting in 12 treatments, replicated three times, was setup. The 36 plots were established in a split plot design, with irrigation treatments as the main plots and N fertilizer rates as the subplots. Plot area was 3 m × 10 m. Three irrigation levels were designed to meet at least the crop water requirement (If, leading to a stress-free soil water status), i.e., reduced irrigation equaling 80% of If (I0.8f) and 60% of If (I0.6f); three irrigation levels of 45, 36, and 27 mm per irrigation for If, I0.8f, and I0.6f, respectively were set. Irrigation scheduling was on the basis of crop evapotranspiration minus precipitation (ETa − P), irrigation was carried out whenever ETa − P reaches to 45 mm (calculated with Equation (1)), and all treatments were irrigated at same time. Readers are referred to the FAO-56 for detailed description of the dual crop coefficient procedure [10]. The four N-fertilizer rates were (i) 120 kg N ha−1 (N120), (ii) 180 kg N ha−1 (N180), (iii) 240 kg N ha−1 (N240), and (iv) 300 kg N ha−1 (N300). The type of the chemical N fertilizer was urea.


   I f  = E  T a  − P =    K s   K  c b   +  K e    × E  T 0  − P  



(1)




where, If is irrigation requirement for full irrigation treatment (mm); ETa is actual evapotranspiration for the winter wheat (mm); P is precipitation (mm); ET0 is reference crop evapotranspiration (mm); Ks is water stress coefficient; Kcb is basal crop coefficient; and Ke is soil water evaporation coefficient.




2.3. Cultivation Practices


The winter wheat variety of Aikang-58 (Triticum aestivum L.) was similarly managed over the four-season experiment. Field and crop management for the winter wheat are shown in Table 3. The conventional tillage practices were employed in our study. Wheat straw was mulched on soil surface after the wheat harvest and maize straw was returned into soil. Before the winter wheat sowing, the basal fertilizers and crushed maize stalks were incorporated into the soil with a tractor-drawn rotary cultivator (25 cm depth), and larger soil clods were smoothed using a harrow to ensure a completely flat bed. Weeds and pests were controlled using standard management practices by application of herbicides and pesticides.



Soil water content data and crop data in the treatment of N300If was used to determine irrigation scheduling with the dual crop coefficient procedure. After the wheat sowing, irrigation was carried out according to the schedule (Table 3). An artificially controlled system of drip fertigation was designed and installed prior to wheat sowing in 2013. Surface drip irrigation was used. Each drip irrigation treatment was operated by a control valve. Drip irrigation laterals measured 16 mm in diameter, and the emitters were the inline type, placed 30 cm apart, and were pressure-compensating with a flow rate of 2.2 L h−1. Based on our previous results, the laterals in a north–south direction were spaced at 0.6 m. Water was filtered using a 152-mm diameter screen filter with a 150-mesh screen. Each plot had a mechanical flow meter and valve and a polypropylene tank for soluble urea.



N, P, and K fertilizers were applied using urea (46% N), calcium superphosphate (16% P2O5), and potassium sulfate (50% K2O). The rates of phosphorus and potassium fertilizer were the same in all plots, applied as basal fertilizer once before the winter wheat sowing. The rate of phosphorus was 90 kg P2O5 ha−1, whereas the rate of potassium was 105 kg K2O ha−1. Before the winter wheat sowing, for the treatments of N120-N300, 50% of nitrogen fertilizer was broadcast with the basal P and K fertilizers over each plot, and it was then immediately ploughed into the soil to avoid nitrogen volatilization. The remaining 50% of N was applied by drip fertigation during the regreening stage to the flowering stage (12 February 2015, 17 April 2015, 19 March 2016, 14 April 2016, 20 March 2017, 26 April 2017, 8 March 2018, and 26 April 2018) for the winter wheat season.




2.4. Measurements


Actual evapotranspiration (ETa) was estimated using the soil water balance equation as follows [11]:


  E  T a  = P + I + Δ W − R − D + C R  



(2)




where ETa is the total water use during the growing stage (mm), P is precipitation (mm), I is irrigation (mm), ΔW is soil water content at starting minus that at the ending of the growing stage for a given soil depth (mm), R is surface runoff, D is water drainage from the root zone (mm), and CR is capillary rise to the root zone. The soil water balance equation was calculated in 10-day step. R and CR were negligible and were not considered because the groundwater table was at least 6 m below the surface at experiment site. Drainage from the root zone was calculated based on the relation of unsaturated water conductivity using the volumetric soil moisture at 1.2 m in the soil profile [12].



Soil water content (SWC) was measured with the TRIME-PICO (T3/IPH44, IMKO, Germany) by in situ monitoring of volumetric moisture in soils to the depth of 100–120 cm with an interval of 0.2 m depth. Soil moisture monitoring access tubes were inserted in each subplots for all three replications. The SWC of the top 0–20 cm soil layer was observed with gravimetric method and then converted into volumetric contents by multiplying with soil bulk density of respective depth.



Water productivity (WP) is calculated as follows:


  W P =    Y a    E  T a     



(3)




where, Ya is the grain yield of winter wheat (kg ha−1). At grain maturity, three 2 m2 areas of plants in each plot were sampled to determine grain yield.



Water production function is determined as follows:


     Y a     Y m    = 1 −  K y    1 −   E  T a    E  T m       



(4)




where Ya and ETa are the actual harvest grain yield (kg ha−1) and actual evapotranspiration (mm) during growing season, Ym and ETm are the maximum grain yield (kg ha−1) and maximum actual evapotranspiration (mm) during growing season, and Ky is a yield response factor.




2.5. Statistical Analyses


Statistical analyses were performed using the SPSS 21.0 program (SPSS, Inc., Chicago, IL, USA). Analysis of variance (ANOVA) was used to analyze differences of ETa, grain yield, and water productivity among different treatments at α = 0.05 level.





3. Results


3.1. Climate and ETa


The temperature decreases gradually during the growing season reaching the minimum during wintering period, whereas it rises gradually reaching peak in the first week of June. Average value of Tmax and Tmin over the winter wheat season from 2014 to 2018 ranged from 4.85 to 16.38 °C and 5.60 to 6.51 °C, respectively (Table 1). Total value of ET0 in the winter wheat growing seasons during 2014–2018 was 648, 601, 627, and 623 mm, respectively; the corresponding daily evapotranspiration values were 2.8, 2.6, 2.7, and 2.7 mm d−1. The accumulated rainfall in the four seasons is shown in Figure 1. The precipitation values during the four consecutive seasons of 2014–2018 of the winter wheat were 164, 171, 222, and 170 mm, respectively, which were greater than the historic average of 161 mm (1951–2014); especially, there was 61 mm increase during the winter wheat growing season in 2016–2017.



ETa of winter wheat in the seasons from 2014 to 2018 are present in Figure 2. ETa increased with irrigation amount increased. The average value in If, I0.8f, and I0.6f over the four seasons was 461, 438, and 408 mm, respectively. For the three irrigation levels (If, I0.8f, and I0.6f), the values of ETa in N120, N180, N240, and N300 ranged from 384.4 to 465.8 mm, from 384.4 to 465.9 mm, from 385.1 to 467.1 mm, and from 406.8 to 468.1 mm, respectively. Under the same condition of irrigation treatment, quite small difference in ETa among nitrogen levels were observed, although ETa increased with the increase with the nitrogen applied. For the three irrigation levels (If, I0.8f, and I0.6f), the values of ETa with different N ranged from 446.2 to 467.1 mm, from 413.4 to 448.6 mm, and from 384.4 to 423.2 mm.




3.2. Relationships between ETa and Grain Yield


The objective of this study was to determine the appropriate irrigation scheduling to increase grain yield (Y) per unit of irrigated water. The grain yield calculated at harvest from each treatment is given in Table 4. Statistical analysis showed that irrigation and N levels both had significant effect on Y in all growing seasons (α = 0.01). The grain yield rose significantly with an increase of nitrogen application rate from N120 to N180, but there was no significant difference for grain yield with different N levels until nitrogen application reached 180 Kg·ha−1 (Table 4). Under all nitrogen application rates, the order of grain yield was always If >I0.8f > I0.6f (Table 4). The results of four growing seasons indicated that grain yield showed no significant difference for irrigation levels of If and I0.8f, but there was the significant difference for the irrigation levels of I0.8f and I0.6f.



The relationships between yield and ETa, i.e., crop water production functions, for winter wheat with different irrigation amounts and nitrogen levels are shown in Figure 3. The quadratic curves were fitted to the crop water production functions with the data from all treatments. The regression models are presented in Figure 3. The correlation coefficients were greater than 0.70, as there was little variability in seasonal precipitation. With combination of the data obtained from all treatments, the model of crop water production function for winter wheat under fertigated drip irrigation was developed as:


  Y = − 0.004 E  T a 2  + 26.284 E  T a  − 2877.117     r = 0.703    



(5)







Relationships between ETa and grain yield reduction were fitted to the linear model for different treatments (Figure 4). The grain yield for winter wheat reduced as ETa increased in N120, N180, N240, whereas the value improved as ETa increased in N300. For the treatments of N120, N180, N240, and N300, winter wheat grain yield decreased at a rate of 0.279, 0.246, 0.202, and 0.261% mm−1, respectively; the corresponding values of the ETm were 479.1, 483.5, 492.0 and 480.7 mm, respectively. With the combination of data from all the treatments, it could be concluded that ETa higher than 483.5 mm resulted in no further decrease in winter wheat yield.



The values of Ky, i.e., the yield response factor, for winter wheat in different treatments are shown in Figure 5. The Ky linearly reduced with the increase in nitrogen amount, and the values of r were greater than 0.92. The value of Ky for winter wheat in N120, N180, N240, and N300 were 1.534, 1.410, 1.275, and 1.250, respectively. The average value of Ky for winter wheat over the three irrigation levels and the four nitrogen levels was 1.368 (r = 0.952).




3.3. Water Productivity


Water productivity (WP) of winter wheat varied with the amounts of irrigation water and nitrogen fertilizer (Figure 6). Generally, WP was improved with the increase in irrigation water and nitrogen amount. The minimum WP of 1.45 kg m−3 was observed in the treatment of N120 + I0.6f in the 2016–2017 winter wheat growing season, while the maximum value of 1.99 kg m−3 was obtained in the treatment of N180 + If in the 2015–2016 winter wheat growing season. The average values of WP in N120, N180, N240, and N300 under different irrigation levels were 1.61, 1.84, 1.85, and 1.88 kg m−3, respectively. The average value of WP in N120 was significantly lower than that in the other treatments of nitrogen amount (p < 0.05), while the differences in WP values between the treatments of N180, N240, and N300 were not significant. WP in If, I0.8f, and I0.6f over the four seasons were 1.82, 1.81, and 1.76 kg m−3, respectively. WP of winter wheat in If and I0.8f was significantly greater than that in I0.6f (p < 0.05), whereas the insignificant difference was observed between If and I0.8f.





4. Discussion


The results from the analysis of weather data observed throughout the winter wheat growing seasons indicate that (1) the air temperature is quite different in four growing seasons; (2) the total value of the ET0 in 2014–2015 was typically higher than that of the other growing seasons for winter wheat; and (3) the total value of precipitation during 2016–2017 growing season was higher than the average for the growing seasons, that is, with moister air conditions than usually growing seasons for winter wheat in experiment field site.



The average value of the ETa was 458 mm for winter wheat under well-watered condition from 1999 to 2009 [13], and the value ranged from 433 to 486 mm with drip irrigation based on the two growing seasons experiments in the same region [6]. The evapotranspiration values were significantly different under different irrigation treatments in different growing seasons (Figure 2). The values of ETa in If, I0.8f, and I0.6f were 461.4, 438.3, and 407.8 mm, respectively. This means that the value of season evapotranspiration for winter wheat is lower; this study with drip irrigation was based on three irrigation water rates and four fertilization rates.



In this study region, based on three seasons results, Bai et al. (2020) indicated that winter wheat grain yield (the average value was 7337.7 kg·ha−1) could be achieved under drip irrigation with 403 N kg·ha−1 [14]. Jha et al. (2019) reported that maximum winter wheat grain yield (the average value was 9270 kg·ha−1) could only be achieved only if the soil water content in the root zone would not drop below 60% FC [6]. The results found in this study indicates that the highest grain yield was achieved in the treatments with full irrigation and 240–300 N kg·ha−1 fertigation



The relationship between yield and ETa has been shown to be linear [15,16,17,18] and quadratic [19,20,21]. As shown in Figure 3, the relationships between ETa and grain yield for winter wheat under different fertilization rates in the four growing seasons was found to be quadratic. In a study conducted in the NCP, to determine the relationship between winter wheat grain yield and growing seasonal evapotranspiration under different irrigation treatments, Zhang et al. (2011) also found quadratic relationship.



The range of winter wheat grain yield obtained from different treatments in the experimental seasons would reflect the prevailing environmental conditions. This study shows that grain yield reduces with the reduced ETa in the same growing season. Figure 4 shows that grain yield reduction of winter wheat would decrease with the increase in ETa. Perhaps at lower soil water contents, fertilizer concentration prevents the crop from reaching its maximum growth and reduces the grain yield formation. This result is in agreement with similar studies in the environments in North China [6].



Similar trend lines were obtained for different irrigation levels and different fertilizer levels when the relative grain yield decrease was plotted against relative ETa decreases. The plot shows winter wheat sensitivity to soil water content. The average values of Ky for the four seasons were 1.53, 1.41, 1.28, and 1.25 under three irrigated levels (If, I0.8f, and I0.6f) and the four fertilizer levels (N120, N180, N240 and N300). The Ky values decrease with the increase in fertilizer levels as also reported by Bai (2020).



In the NCP, since the rainfall during the winter wheat growing season is low, the water supply for winter wheat comes mainly from irrigation and stored soil water. Grain yield and WUE for winter wheat would improve with increasing irrigation frequency under microirrigation [22]. Winter wheat grain yield increased significantly as the amount of fertilizer was increased from 20% to 70% and increased only slightly when the fertilizer suppled is higher than 70% [14]. In this study, higher yield and WUE were obtained under N180, N240, and N300 and If and I0.8f. The result shows that in order to get higher yield and WUE, N fertilizer of 180 to 300 kg ha−1 and irrigation supply of 80% to 100% of the full irrigation was needed to be applied.




5. Conclusions


Based on the results of the four growing seasons experiment, the grain yield decreased with the decrease of the amount of irrigation under each nitrogen fertilizer treatments, and there was no significant difference when the irrigation amount exceeded 80% of the irrigation requirement (ETa − P). The average yield reduction was 5–9%. For the same irrigation level, the average grain yields increase with the nitrogen fertilizer supply and there was no significant difference when the nitrogen fertilizer supply reached 180 kg N ha−1 for each irrigation level. In this study, nitrogen fertilization is not the major limiting factor to winter wheat grain yield with the nitrogen fertilizer supply exceeding 180 kg N ha−1.



This study shows that grain yield would be high under drip fertigation system in the region when the rates of fertilizer application are under 180–240 kg N ha−1, irrigation time is determined by ETa − P = 45 mm, and irrigation quota is under 36–45 mm (I0.8f − If). These results indicate that low mineral nitrogen supply by drip irrigation may meet the demand of wheat growth, whereas higher supply may lead to some nitrogen not taken-up by wheat, and thus, decrease the utilization efficiency. This shows that the cost–benefit of winter wheat nitrogen fertilization requires further research, especially for the winter wheat farming with drip fertigation.
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Figure 1. Accumulated rainfall in the winter wheat growing seasons from 2014 to 2018. 
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Figure 2. Actual evapotranspiration (ETa) of winter wheat in the seasons: (a) 2014–2015, (b) 2015–2016, (c) 2016–2017, and (d) 2017–2018. T1, T2, and T3 were If, I0.8f, and I0.6f, respectively (N120); T4, T5, and T6 were If, I0.8f, and I0.6f, respectively (N160); T7, T8, and T9 were If, I0.8f, and I0.6f, respectively (N200); and T10, T11, and T12 were If, I0.8f, and I0.6f, respectively (N240). 
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Figure 3. Relationships between ETa and wheat yield in the treatment of N120 (a), N180 (b), N240 (c), and N300 (d) in the four consecutive seasons from 2014 to 2018. 
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Figure 4. Relationships between ETa and wheat yield reduction in the different treatments over the four consecutive wheat seasons from 2014 to 2018. 
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Figure 5. Yield response factors (Ky) in the different treatments over the four consecutive wheat seasons from 2014 to 2018. 
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Figure 6. Water productivity of winter wheat in the season of (a) 2014–2015, (b) 2015–2016, (c) 2016–2017, and (d) 2017–2018. 
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Table 1. Mean 10-day values of reference evapotranspiration (ET0, mm d−1), maximum temperature (Tmax, °C), minimum temperature (Tmin, °C), sunshine (Sun., h), and wind speed (u2, m s−1) during the four wheat seasons from 2014 to 2018.






Table 1. Mean 10-day values of reference evapotranspiration (ET0, mm d−1), maximum temperature (Tmax, °C), minimum temperature (Tmin, °C), sunshine (Sun., h), and wind speed (u2, m s−1) during the four wheat seasons from 2014 to 2018.





	
Month

	
10-day

	
2014–2015

	
2015–2016




	
ET0

	
Tmax

	
Tmin

	
Sun.

	
u2

	
ET0

	
Tmax

	
Tmin

	
Sun.

	
u2




	
October

	
Middle

	
2.63

	
22.27

	
12.75

	
5.28

	
1.79

	
2.92

	
26.41

	
11.86

	
7.93

	
1.51




	
Last

	
2.48

	
21.49

	
13.63

	
3.71

	
2.27

	
1.89

	
17.10

	
9.17

	
4.25

	
2.30




	
November

	
First

	
1.96

	
16.59

	
6.69

	
5.15

	
1.88

	
1.58

	
14.40

	
7.05

	
3.09

	
2.04




	
Middle

	
1.67

	
15.53

	
4.26

	
6.17

	
1.67

	
0.90

	
11.29

	
7.00

	
0.38

	
1.81




	
Last

	
1.03

	
11.53

	
5.22

	
1.07

	
1.68

	
0.63

	
2.09

	
−1.76

	
0.46

	
2.49




	
December

	
First

	
1.29

	
8.03

	
−2.45

	
5.74

	
1.61

	
1.08

	
8.84

	
0.50

	
3.05

	
1.48




	
Middle

	
1.81

	
8.71

	
−1.55

	
4.97

	
2.12

	
1.10

	
7.64

	
−1.96

	
4.12

	
1.43




	
Last

	
1.65

	
10.96

	
−2.07

	
6.15

	
1.80

	
1.28

	
8.46

	
−1.38

	
3.73

	
1.96




	
January

	
First

	
1.67

	
10.44

	
−1.56

	
5.36

	
1.79

	
0.94

	
5.81

	
−1.96

	
1.10

	
1.87




	
Middle

	
1.61

	
9.77

	
−0.08

	
4.42

	
2.18

	
1.25

	
5.32

	
−4.58

	
3.61

	
1.76




	
Last

	
1.22

	
5.04

	
−1.22

	
2.41

	
2.13

	
1.50

	
2.95

	
−5.11

	
3.70

	
2.58




	
February

	
First

	
1.62

	
8.67

	
−2.55

	
6.71

	
1.67

	
1.84

	
11.37

	
−2.54

	
6.56

	
1.41




	
Middle

	
2.23

	
12.91

	
2.81

	
4.49

	
2.27

	
2.27

	
10.28

	
1.35

	
6.04

	
2.13




	
Last

	
1.89

	
10.46

	
0.76

	
3.26

	
2.21

	
2.30

	
11.41

	
0.81

	
7.36

	
1.92




	
March

	
First

	
2.80

	
11.78

	
2.25

	
6.11

	
2.79

	
2.99

	
15.20

	
4.53

	
5.00

	
2.50




	
Middle

	
2.55

	
17.19

	
7.45

	
4.07

	
2.15

	
2.96

	
16.72

	
5.80

	
5.97

	
2.02




	
Last

	
3.50

	
20.25

	
10.22

	
5.47

	
2.51

	
3.74

	
19.18

	
8.22

	
7.14

	
2.08




	
April

	
First

	
2.56

	
15.58

	
6.72

	
4.08

	
2.78

	
4.12

	
22.04

	
12.26

	
7.13

	
2.57




	
Middle

	
4.33

	
21.53

	
11.26

	
6.73

	
2.84

	
4.37

	
23.49

	
12.91

	
7.40

	
2.25




	
Last

	
4.98

	
27.39

	
15.14

	
9.05

	
2.30

	
4.50

	
25.05

	
14.78

	
6.47

	
2.19




	
May

	
First

	
3.77

	
23.32

	
15.41

	
5.61

	
2.60

	
4.88

	
25.34

	
16.70

	
6.33

	
2.43




	
Middle

	
6.57

	
28.26

	
17.60

	
9.83

	
3.20

	
5.22

	
26.18

	
15.22

	
8.02

	
2.47




	
Last

	
4.94

	
29.05

	
18.73

	
6.91

	
1.86

	
5.01

	
27.94

	
17.56

	
6.66

	
2.01




	
June

	
First

	
6.47

	
33.24

	
22.31

	
7.13

	
2.91

	
5.54

	
28.75

	
20.12

	
6.82

	
2.31




	
Month

	
10-day

	
2016–2017

	
2017–2018




	
ET0

	
Tmax

	
Tmin

	
Sun.

	
u2

	
ET0

	
Tmax

	
Tmin

	
Sun.

	
u2




	
October

	
Middle

	
2.18

	
22.59

	
14.59

	
4.59

	
1.43

	
2.31

	
21.33

	
12.45

	
5.64

	
1.85




	
Last

	
1.42

	
14.85

	
9.83

	
1.44

	
2.63

	
1.53

	
16.89

	
9.87

	
4.72

	
2.23




	
November

	
First

	
1.66

	
15.82

	
6.30

	
4.19

	
2.35

	
1.72

	
18.43

	
10.12

	
5.04

	
2.51




	
Middle

	
1.13

	
15.54

	
6.92

	
3.43

	
1.38

	
1.26

	
15.83

	
8.34

	
6.20

	
1.76




	
Last

	
1.24

	
9.11

	
0.10

	
4.70

	
2.28

	
1.34

	
10.45

	
6.47

	
3.16

	
2.26




	
December

	
First

	
1.58

	
13.07

	
2.68

	
6.29

	
2.03

	
1.47

	
8.57

	
2.12

	
5.35

	
1.65




	
Middle

	
0.91

	
8.14

	
0.25

	
2.13

	
1.74

	
1.04

	
9.12

	
−1.23

	
3.60

	
1.49




	
Last

	
0.71

	
5.63

	
−0.25

	
3.00

	
1.50

	
0.86

	
5.78

	
−1.36

	
4.12

	
1.89




	
January

	
First

	
0.52

	
4.59

	
0.63

	
0.55

	
1.84

	
1.21

	
6.23

	
−4.23

	
5.23

	
2.16




	
Middle

	
1.14

	
6.60

	
−2.89

	
5.65

	
1.59

	
1.05

	
4.65

	
−3.76

	
4.35

	
1.54




	
Last

	
1.48

	
6.62

	
−2.07

	
3.54

	
2.04

	
0.89

	
3.50

	
−3.80

	
2.83

	
1.48




	
February

	
First

	
1.21

	
6.63

	
−2.39

	
3.49

	
1.77

	
1.73

	
7.54

	
−1.85

	
4.76

	
2.04




	
Middle

	
2.87

	
15.61

	
2.65

	
7.70

	
3.02

	
2.04

	
13.23

	
2.56

	
3.83

	
2.15




	
Last

	
1.83

	
12.69

	
0.40

	
5.46

	
1.51

	
2.15

	
14.71

	
3.51

	
3.65

	
1.86




	
March

	
First

	
2.81

	
15.28

	
3.32

	
7.55

	
2.07

	
2.75

	
16.23

	
3.54

	
6.54

	
2.26




	
Middle

	
2.88

	
15.09

	
6.51

	
3.41

	
2.55

	
2.87

	
18.45

	
5.62

	
7.12

	
2.14




	
Last

	
2.73

	
15.40

	
6.28

	
5.84

	
2.11

	
2.92

	
17.40

	
7.56

	
4.89

	
2.56




	
April

	
First

	
2.86

	
19.76

	
10.40

	
3.99

	
2.02

	
3.12

	
21.69

	
9.54

	
5.62

	
2.86




	
Middle

	
4.32

	
25.19

	
12.60

	
8.17

	
2.19

	
4.53

	
24.79

	
11.74

	
4.92

	
2.48




	
Last

	
6.00

	
25.97

	
13.72

	
9.79

	
2.85

	
4.69

	
26.80

	
13.89

	
7.94

	
2.56




	
May

	
First

	
5.32

	
27.55

	
15.78

	
8.94

	
2.20

	
4.89

	
27.54

	
15.76

	
7.56

	
2.76




	
Middle

	
6.37

	
30.99

	
19.37

	
10.03

	
2.49

	
5.45

	
29.56

	
17.80

	
9.45

	
2.54




	
Last

	
6.88

	
33.28

	
19.94

	
10.74

	
2.53

	
6.11

	
32.64

	
19.54

	
8.70

	
2.81




	
June

	
First

	
5.17

	
30.14

	
18.65

	
6.25

	
2.21

	
5.78

	
31.67

	
19.87

	
6.57

	
2.35
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Table 2. Physical properties of the experimental soil.






Table 2. Physical properties of the experimental soil.





	Depth (cm)
	Clay (%)
	Silt (%)
	Sand (%)
	Wilting Point (cm3·cm−3)
	Field Capacity (cm3·cm−3)
	Saturated Water Content (cm3·cm−3)
	Bulk Density (g·cm−3)





	0–20
	6.75
	69.72
	23.53
	0.15
	0.341
	0.409
	1.56



	20–40
	6.41
	66.91
	26.69
	0.138
	0.308
	0.403
	1.58



	40–60
	10.19
	69.96
	19.85
	0.151
	0.327
	0.409
	1.54



	60–80
	10.16
	73.44
	16.41
	0.137
	0.283
	0.412
	1.42



	80–100
	8.22
	75.74
	16.05
	0.142
	0.294
	0.393
	1.45
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Table 3. Field and crop management for the winter wheat from 2014 to 2018.
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	Season
	Planting Date
	Harvest Date
	Row Spacing (cm)
	Sowing Rate (kg ha−1)
	Irrigation Date (dd/mm/yyyy)





	2014–2015
	15 October 2014
	7 June 2015
	20
	210
	22/10/2014, 12/02/2015, 09/03/2015, 17/04/2015, 11/05/2015, 18/5/2015



	2015–2016
	17 October 2015
	4 June 2016
	20
	210
	19/03/2016, 04/04/2016, 14/04/2016, 25/04/2016, 08/05/2016, 19/5/2016



	2016–2017
	18 October 2016
	7 June 2017
	20
	210
	20/03/2017, 14/04/2017, 26/04/2017, 05/05/2017, 11/05/2017, 19/5/2017



	2017–2018
	20 October 2017
	7 June 2018
	20
	210
	25/10/2017, 23/12/2017, 08/03/2018, 26/03/2018, 26/04/2018, 8/5/2018
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Table 4. Grain yield, Eta, and WUE of winter wheat with different treatments from 2014 to 2018.
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Treatment

	
2014–2015

	
2015–2016

	
2016–2017

	
2017–2018




	
ETa (mm)

	
Grain Yield (Kg·ha−1)

	
WUE (Kg·m−3)

	
ETa (mm)

	
Grain Yield (Kg·ha−1)

	
WUE (Kg·m−3)

	
ETa (mm)

	
Grain Yield (Kg·ha−1)

	
WUE (Kg·m−3)

	
ETa (mm)

	
Grain Yield (Kg·ha−1)

	
WUE (Kg·m−3)






	
N300

	
If

	
463.80 a

	
8625.45 a

	
1.86 a

	
468.10 a

	
9111.70 a

	
1.95 a,b

	
465.20 b,c

	
8951.49 a

	
1.93 a,b

	
476.30 a

	
9492.70 a

	
1.99 a




	
N300

	
I0.8f

	
442.33 a

	
8321.20 a

	
1.88 a

	
446.43 a,b

	
8457.65 a,b,c

	
1.89 a,b

	
429.60 d,e

	
8037.88 b,c,d

	
1.87 a,b

	
468.27 a

	
9395.15 a

	
2.01 a




	
N300

	
I0.6f

	
413.00 b

	
7388.65 a,b

	
1.79 a,b,c

	
411.43 c,d

	
7661.70 b,c,d

	
1.86 a,b

	
406.80 e,f

	
7291.14 d,e

	
1.79 b,c

	
412.00 b

	
8154.22 b,c,d

	
1.98 a,b




	
N240

	
If

	
463.80 a

	
8575.25 a

	
1.85 a

	
449.00 a,b

	
8824.60 a,b,c

	
1.96 a,b

	
443.00 c,d

	
8798.16 a,b

	
1.98 a

	
461.13 a

	
9078.29 a

	
1.97 a,b




	
N240

	
I0.8f

	
443.80 a

	
8068.40 a,b

	
1.82 a,b

	
427.77 b,c

	
8283.85 a,b,c

	
1.93 a,b

	
478.70 a,b

	
8049.99 b,c,d

	
1.68 c,d

	
438.63 a,b

	
8845.83 a,b

	
2.02 a




	
N240

	
I0.6f

	
416.20 b

	
7349.80 a,b

	
1.76 a,b,c

	
385.13 d

	
7448.40 c,d

	
1.93 a,b

	
409.40 e,f

	
7177.05 d,e

	
1.75 b,c,d

	
423.17 b

	
7862.76 c,d

	
1.86 b,c




	
N180

	
If

	
465.87 a

	
8628.10 a

	
1.85 a

	
447.03 a,b

	
8902.85 a,b

	
1.99 a

	
473.80 a,b

	
8360.98 a,b,c

	
1.76 b,c,d

	
464.23 a

	
8597.38 a,b,c

	
1.85 b,c




	
N180

	
I0.8f

	
441.13 a

	
8021.25 a,b

	
1.82 a,b

	
420.20 b,c

	
8149.85 a,b,c

	
1.94 a,b

	
438.90 d

	
7954.96 b,c,d

	
1.81 b,c

	
444.47 a,b

	
8017.36 b,c,d

	
1.80 c




	
N180

	
I0.6f

	
416.30 b

	
7208.60 a,b

	
1.73 a,b,c

	
384.43 d

	
7430.85 c,d

	
1.93 a,b

	
406.47 e,f

	
6476.60 e,f

	
1.59 d,e

	
417.60 b

	
7562.91 d,e

	
1.81 c




	
N120

	
If

	
465.80 a

	
7585.55 a,b

	
1.63 c

	
446.20 a,b

	
7827.45 b,c,d

	
1.75 b,c

	
479.47 a

	
7666.16 c,d

	
1.60 d,e

	
460.83 a

	
7372.14 d,e

	
1.60 d




	
N120

	
I0.8f

	
441.53 a

	
7368.30 a,b

	
1.67 b,c

	
413.40 c,d

	
6768.85 d,e

	
1.64 c

	
436.00 d

	
6397.16 e,f

	
1.47 e

	
438.07 a,b

	
7241.69 d,e

	
1.65 d




	
N120

	
I0.6f

	
412.97 b

	
6873.60 b

	
1.66 b,c

	
384.40 d

	
6180.20 e

	
1.60 c

	
400.87 f

	
5819.14 f

	
1.45 e

	
417.00 b

	
6909.74 e

	
1.66 d




	
I

	
**

	
**

	
ns

	
**

	
**

	
ns

	
**

	
**

	
**

	
**

	
**

	
ns




	
N

	
ns

	
**

	
**

	
**

	
**

	
**

	
ns

	
**

	
**

	
ns

	
**

	
**




	
N × I

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
**

	
ns

	
**

	
ns








Letters indicate statistical significance at α = 0.05 level within the same column with ‘a’, ‘b’, ‘c’ and so on showing the statistical difference from the highest to the lowest and the values are the means of three replications separately for individual years. I: irrigation amount, N: nitrogen rate. ‘**’ F value means significant at the p = 0.01 levels. ‘ns’ means non-significant at the p = 0.05 level.
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