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Abstract

:

To investigate the effects of alternate partial root-zone irrigation (APRI) and water deficit at different growth stages on maize growth, physiological characteristics, the grain yield, and the water use efficiency (WUE), a pot experiment was conducted under a mobile automatic rain shelter. There were two irrigation methods, i.e., conventional irrigation (CI) and APRI; two irrigation levels, i.e., mild deficit irrigation (W1, 55%~70% FC, where FC is the field capacity) and serious deficit irrigation (W2, 40%~55% FC); and two deficit stages, i.e., the seedling (S) and milking stage (M). Sufficient irrigation (W0: 70%~85% FC) was applied throughout the growing season of maize as the control treatment (CK). The results indicated that APRI and CI decreased the total water consumption (ET) by 34.7% and 23.8% compared to CK, respectively. In comparison to CK, APRI and CI increased the yield-based water use efficiency (WUEY) by 41% and 7.7%, respectively. APRI increased the irrigation water efficiency (IWUE) and biomass-based water use efficiency (WUEB) by 8.8% and 25.5% compared to CK, respectively. Additionally, ASW1 had a similar grain yield to CK and the largest harvest index (HI). However, the chlorophyll and carotenoid contents were significantly reduced by 13.7% and 23.1% under CI, and by 11.3% and 20.3% under APRI, compared to CK, respectively. Deficit irrigation at the milking stage produced a longer tip length, resulting in a lower grain yield. Based on the entropy weight method and the technique for order preference by similarity to an ideal solution (TOPSIS) method, multi-objective optimization was obtained when mild deficit irrigation (55%~70% FC) occurred at the seedling stage under APRI.
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1. Introduction


In light of the current pressure on increasing crop production, establishing a high- yield and water-saving agricultural water use strategy to achieve highly efficient agricultural water use has become a priority for the sustainable development of agriculture in China [1,2,3,4]. According to the needs of various plants and their growth conditions, accurate estimation of the water demand and the use of irrigation schedules will improve the water use efficiency (WUE) [5]. Deficit irrigation and partial root-zone irrigation (PRI) are potentially water-saving irrigation strategies. PRI includes alternate partial root-zone irrigation (APRI) and fixed partial root-zone irrigation (FPRI) [6]. It can make the horizontal or vertical soil profile in the root layer either dry or wet. WUE can be increased without sacrificing the amount of photosynthate by regulating the function of plant stomata and the root system in response to drought stress [7].



Over the past few decades, the potential of APRI in saving water and improving WUE has been well-examined in many crops [8,9,10,11,12]. Liang et al. [13] demonstrated that APRI saved 29.1% of water and WUE was increased by 24.3% under the conditions of fertilization and full irrigation compared with conventional irrigation. Kang et al. [14] found that, when the irrigation amount was reduced by 50%, the grain yield of conventional furrow irrigation and fixed furrow irrigation exhibited a downward trend, while the alternate furrow irrigation still retained a high grain yield. In addition, APRI not only significantly increased WUE, but also enhanced the activity of soil mineral nitrogen, which was in favor of crops on soil nitrogen uptake and utilization [15,16,17]. In short, the application of APRI can not only save irrigation water and maintain the crop yield, but also adjust the growth and physiological characteristics of crops.



It is generally believed that water deficit markedly inhibits maize growth, expansion of the leaf area, and the efficiency of photosystem II (quantum grain), but the plant height and leaf area can be compensated for to a large extent after re-watering [18,19,20]. However, some researchers found that appropriate moisture regulation increased the WUE of maize and increased its ability to resist drought [21,22,23,24]. Kebede et al. [25] found that reducing soil moisture to 75% in the field at the silking stage of maize did not markedly decrease the grain yield relative to full irrigation and saved a significant amount of water. Some researchers have also studied the impacts of water deficit at different growth stages on maize. Kang et al. [26] and Wei et al. [27] found that moderate water deficit at the seedling stage combined with mild water deficit at the jointing stage was beneficial to improvement of the grain yield and WUE. Liu et al. [28] pointed out that the compensation effect on the physiological and biochemical indexes after re-watering was better under water deficit at the seedling stage, followed by water deficit at the jointing stage. It can save irrigation water and regulate the growth and physiology of crops by ensuring an appropriate water deficit at different growth stages of crops.



However, previous studies have mainly focused on the impacts of partial root-zone irrigation or deficit irrigation at different crop growth stages and the combination of partial root-zone irrigation and fertilizer application on crop growth [29,30,31,32]. There are few studies on the combination of temporal water deficit at different crop growth stages and the spatial water deficit caused by APRI. The technique for order preference by similarity to an ideal solution (TOPSIS) method was first proposed by Hwang and Yoon in 1981 [33]. The method is a common and effective method in multi-objective decision-making analysis, which has been widely used over the past few decades [34]. It is a method of ranking according to the close degree between the limited evaluation objects and the ideal objectives, and is used to evaluate the relative advantages and disadvantages of the existing objects [35]. In this study, we aimed to investigate the responses of water stress-induced physiology, growth, and grain yield to two irrigation levels at different growth stages of maize through a pot experiment under APRI. Additionally, an optimal combination of the irrigation method, irrigation level, and deficit stage that can comprehensively improve the yield and water use efficiency was further proposed based on the TOPSIS method.




2. Materials and Methods


2.1. Experimental Site


A pot experiment was conducted in 2017 under a mobile automatic rain shelter at the Institute of Water-Saving Agriculture in Arid Areas of China, Northwest A&F University (108°04′ E, 34°20′ N, altitude 521 m), Yangling, Shaanxi Province, China. This region belongs to the East Asian warm temperate semi-humid and semi-arid climate zone. The long-term annual precipitation is 505 mm and the average annual temperature is 12.5 °C. The study area has 210 frost-free days and a 2163.8 h sunshine duration. The tested soil was taken from a 0~20 cm soil layer of the local farmland. The main physical and chemical properties of the experimental soil before filling the pots were analyzed and are given in Table 1. The daily air temperatures during the maize growing season are shown in Figure 1.




2.2. Experimental Design


Pot experiments with two irrigation methods, two irrigation levels, and two deficit stages were conducted in 2017. The two irrigation methods were APRI (alternately watering in the two parts) and conventional irrigation (CI, evenly watering). The two irrigation levels included mild deficit irrigation (W1, 55%~70% field capacity (FC)) and serious deficit irrigation (W2, 40%~55% FC). The two deficit stages were the seedling stage (S) and milking stage (M) of maize. Moreover, sufficient irrigation (W0: 70%~85% FC) was applied throughout the growing season of maize as the control treatment (CK). The nine treatments were conducted with seven replicates, resulting in a total of 63 pots. The experimental details are shown in Table 2.



The maize cultivar “Zheng Dan 958” (widely used locally) was sown in a constant temperature incubator at 28 °C. When the root number of maize seedlings was four, they were transplanted into plastic barrels on 29 June 2017. The barrel was made of polyethylene, with a volume of 50 L, an upper width of 34 cm, a bottom width of 29 cm, and a height of 50 cm. Each barrel was filled with 66 kg of soil with the bulk density of 1.35 × 103 kg m−3. The soil was naturally air-dried and sieved through a 2 mm sieve. An aluminum plate was installed in the center of the barrel to divide it into two equal portions under APRI, minimizing horizontal water exchange between the two parts of each barrel. The center of the upper part of the aluminum plate was opened with a “V” notch for transplanting maize. The roots were evenly distributed on two sides of the barrel, ensuring the same root amount in each part of the APRI treatment. Additionally, a PVC tube was installed in each part of the barrel to monitor the soil moisture content. To ensure ventilation and water permeability, eight holes (2 cm in diameter) were uniformly punched at the bottom of each barrel. In addition, a gauze and a 1-cm-thick sand layer were laid at the bottom. According to the local fertilization rate, total fertilizer (0.2 g N, 0.15 g P2O5, and 0.1 g K2O soil) was fully mixed with the 10 cm surface soil as basal fertilizer in each barrel. Nitrogen, phosphorus, and potassium were further supplied as urea (N 46%), superphosphate (P2O5), and potassium Sulfide (K2O), respectively. Maize was harvested on 12 October.



After transplantation, the soil moisture content in all barrels was controlled at 55% FC. When maize entered the four-leaf stage, all barrels started to control the soil moisture content. When the average soil moisture content in the barrel dropped to or close to the lower irrigation limit (±5%), irrigation was carried out with tap water and irrigated to the upper limit. The alternation of irrigation occurred under APRI when the average soil water content on the dry side declined to or close to the irrigation limit (±5%) (Figure 2). During deficit irrigation, the soil moisture content was controlled at W1 or W2, while maize was irrigated according to W0 at other stages. The irrigation amount was determined by the weighing method and the weighting interval was every day or every two days, according to crop growth and weather conditions. Each irrigation was performed in the afternoon. The irrigation schedule during the maize growing season is shown in Figure 3. The crop water consumption (ET, kg plant−1) and irrigation amount of each treatment were determined by weighing the barrel, and calculated using the water balance equation [36,37]:


  E T = I +  W 0  −  W h   



(1)




where I is the total irrigation amount (kg), and W0 and Wh are the water storage capacity in the barrel at transplantation and harvest, respectively (kg). In this experiment, the leakage and runoff were not considered.




2.3. Measurements and Calculations


2.3.1. Plant Height, Leaf Related Indexes, and Dry Matter Amount


Root samples were destructively taken on 18 August (i.e., 42 days), 27 August (i.e., 60 days), 14 September (i.e., 76 days), 29 September (i.e., 91 days), and 12 October (i.e., 105 days) in each treatment. Due to the heavy workload, roots were only taken from one barrel at the first four sampling stages and three barrels were sampled at the harvest stage. The root was sampled by the layering method. A total of five soil layers were taken every 10 cm of the soil column in the barrel (i.e., 0–10, 10–20, 20–30, 30–40, and 40–50 cm). As for APRI, roots were sampled separately in dry and wet parts of the barrel, and the sum of the root weight of the two parts in the same soil layer was considered to be the total root weight of the layer. The roots were separated and washed. The leaves, stems, cobs, and roots were sampled simultaneously at harvest, and were placed in an oven and dried at 105 °C for 30 min, before being dried at 75 °C to a constant weight. Thereafter, roots and other components of each treatment were weighed with an electronic balance (accuracy of 0.0001 and 0.01 g, respectively). The root growth rate was the difference between the two adjacent root dry weights divided by the days at that stage. The plant height and the maximum length and width of leaves were also measured by a ruler. Then, the leaf area (cm2 plant−1) was calculated by Equation (2) [38]:


  L A = L × W × 0.75  



(2)




where L and W are the maximum leaf length and width, respectively. The special leaf area (SLA, cm2 g−1) was calculated using Equation (3):


  S L A = L A / L D W  



(3)




where LDW is the dry leaf weight (g plant−1).



The leaf area ratio (LAR, cm2 g−1) was calculated using Equation (4):


  L A R = L A / L A S W  



(4)




where LSDW is the leaf and stem dry weight (g plant−1).




2.3.2. Yield Traits, Harvest Index (HI), and WUE


At harvest, the cob length, tip length, and cob circumference were measured with a vernier caliper and ruler, and the grain yield was weighed by an electronic balance (accuracy of 0.01 g). Grain numbers per cob was counted. HI (%) was calculated using Equation (5) [39]:


  H I = Y / D M A × 100  



(5)




where Y is the grain yield (g plant−1), and DMA is the aboveground dry matter amount (g plant−1).



WUE was calculated as below.



The water use efficiency based on the dry grain yield (WUEY, kg m−3) was calculated using Equation (6):


  W U  E Y  = Y / E T  



(6)




where Y is the grain yield (g plant−1).



The water use efficiency based on the total biomass (WUEB, kg m−3) was calculated using Equation (7):


  W U  E B  = B / E T  



(7)




where B is the biomass weight (g).



The water use efficiency based on the irrigation amount (IWUE, kg m−3) was calculated using Equation (8) [40]:


  I W U E = Y / I  



(8)




where I is irrigation amount (mm/plant).




2.3.3. Chlorophyll and Carotenoid Content


At harvest, three cob leaves were collected from each treatment and extracted with the 95% ethanol. The chlorophyll and carotenoid contents in leaves were determined by an ultraviolet spectrophotometer at 665, 649, and 470 nm (with 95% ethanol as a blank control), and the calculation equations were as displayed in Equation (9) [41]:


       C a  =  (  13.95  D  665   − 6.88  D  649    )  V / 1000 M        C b  =  (  24.96  D  649   − 7.32  D  665    )  V / 1000 M         C x · c = ( 4.08  D  470   − 11.56  D  649   + 3.29  D  665   ) V / 1000 M        C T  =  C a  +  C  b                        



(9)








2.3.4. Nitrate Nitrogen, Ammonium Nitrogen, Available Phosphorus, and Available Potassium


Soil samples were passed through a 5 mm sieve. Five grams of fresh soil was weighed and extracted with the 2 mol L–1 KCl solution (soil/liquid ratio of 1:10). The nitrate nitrogen and ammonium nitrogen were measured by a continuous flow analyzer (Auto Analyzer-III, Bran Luebbe, Germany). The other soil samples were air-dried and then passed through a 2 mm sieve. Five grams of soil was weighed and extracted with the 1 mol L–1 neutral NH4OAc solution (soil/liquid ratio of 1:10), and the available potassium was measured by an atomic absorption spectrophotometer (AA370MC). Five grams of soil was weighed and extracted with the 0.5 mol L–1 NaHCO3 solution (soil/liquid ratio of 1:20), and the available phosphorus was also measured by the continuous flow analyzer. Five grams of soil was weighed and extracted with the distilled water (soil/liquid ratio of 1:5), and the pH value was then measured by a pH meter. The soil organic matter was determined by the potassium dichromate-volumetric method.




2.3.5. Multi-Objective Evaluation Based on the Entropy Weight Method and TOPSIS Method


The entropy weight method uses information entropy to calculate the entropy weight of each index according to the degree of variation of each index, and then corrects the weight of each index through the entropy weight, thereby obtaining a more objective weight of the index. The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is a method of ranking according to the proximity of the evaluation object to the idealized target, which is employed to evaluate the relative advantages and disadvantages of the existing objects.



	(1)

	
Assuming the decision problem has n feasible schemes (fi, i = 1, 2,……,n) and m targets (Xj, j = 1,2,……,m), the original matrix R = [rij]n×m is constructed and dimensionless processing of the original matrix using the formulas of (10) to obtain the matrix Y. Then, the entropy weight of each index is determined.


   y  i j   =    r  i j   − min (  r j  )   max (  r j  ) − min (  r j  )   , j = 1 , 2 , 3 , … , m  



(10)






   p  i j   =    y  i j       ∑  i = 1  n    y  i j        



(11)






   E j  = − ln   ( n )   − 1     ∑  i = 1  n    p  i j   ln (  p  i j   )    



(12)






   W j  =   1 −  E j    m −  ∑   E j       



(13)




where pij is the characteristic proportion of the i-th evaluation object under the j-th index. Ej is the entropy value of the j-th index.




	(2)

	
Normalize the original matrix R = [rij]n×m to get matrix B = [bij]n×m, and multiply it by the entropy weight to get weight matrix Z. Then, calculate the Euclidean distances Si* and Si− between each target value and the ideal point and the relative closeness Ci* of each target using Equations (16)–(18). The schemes are sorted according to the relative closeness to form a decision basis.


  b i j =   r i j       ∑  i = 1  n   r i  j 2        , j = 1 , 2 , ⋅ ⋅ ⋅ , m  



(14)






  z i j = W j b i j  



(15)






  S  i *  =     ∑  j = 1  m      (  z i j − z  j *   )   2      , i = 1 , 2 , ⋅ ⋅ ⋅ , n  



(16)






  S  i −  =     ∑  j = 1  m      (  z i j − z  j −   )   2      , i = 1 , 2 , ⋅ ⋅ ⋅ , n  



(17)






  C  i *  =   S  i −    S  i *  + S  i −    ,  



(18)




where zj* is a benefit indicator and zj− is a cost indicator.









2.4. Data Analysis


An analysis of variance (ANOVA) was performed using a conventional linear model-univariate process in SPSS (Statistical Product and Service Solutions) software. The analysis of variance was conducted with the irrigation method, deficit stage, and irrigation level as the main influencing factors, including two-way and three-way interactions. Using Duncan’s multiple range test, any significant difference in all treatments was compared at a significance level of p = 0.05.





3. Results


3.1. Leaf-Related Indexes


Neither the irrigation method × irrigation level nor the irrigation method × deficit stage × irrigation level significantly affected the fresh leaf weight, dry leaf weight, LA, SLA, and LAR. However, the deficit stage had significant effects on all of the indicators above (Table 3). In comparison to CK, CI at M decreased the fresh leaf weight, dry leaf weight, and LA by 19.2%, 15.6%, and 7.6%, respectively. Additionally, CI at S decreased the indicators above by 32.59%, 43.69%, and 24.99%, respectively. Meanwhile, APRI at M decreased them by 18.21%, 30.23%, and −0.28%, respectively, and APRI at S decreased them by 29.49%, 41.48%, and 13.4%, respectively. However, APRI and CI showed an increasing trend in SLA and LAR at each deficit stage.



There were obvious effects of the irrigation method and deficit stage × irrigation level on LA, SLA, and LAR, but the fresh leaf weight and dry leaf weight were hardly influenced by them. Apart from SLA, the irrigation level had a significant impact on all of the other indicators (Table 3). Compared to W1, W2 decreased the fresh leaf weight, dry leaf weight, LA, and LAR by 22.17%, 17.61%, 11.24%, and 1.14%, respectively.



Furthermore, the irrigation method × deficit stage had a significant effect on the dry leaf weight, but it had no significant effect on the other indicators (Table 3). AMW1 and CK had a higher fresh leaf weight and LA (71.97 and 72.83 g and 4231.8 and 4100.3 cm2, respectively) and the highest SLA and LAR were observed under ASW2 (252.08 and 54.28 cm2/g, respectively). CMW1 and CK had a greater dry leaf weight (24.07 and 25.75 g, respectively). The smallest fresh and dry leaf weight were observed under CSW2 (42.73 and 12.57 g, respectively). Meanwhile, the smallest SLA was obtained in CK (159.21 cm2/g) and the smallest LAR was observed under CMW1 (40.25 cm2/g) (Table 3).




3.2. Plant Height, Aboveground Dry Matter Accumulation, and Chlorophyll and Carotenoid Content


There was a significant effect of the irrigation method, deficit stage, and irrigation level on the plant height and aboveground dry matter amount, but no significant impact of the irrigation method × irrigation level and the three-way interactions on them (Table 4).



Data collected at harvest suggested that at the same irrigation method and deficit stage, the plant height and aboveground dry matter amount increased with the increase of the irrigation level, but no significant difference was found in the plant height. Compared to CK, W1 and W2 under CI decreased the plant height and dry matter amount by 17.6% and 19.1% and 19.4% and 27.8%, respectively, and decreased by 11.8% and 15.1% and 13.5% and 24% under APRI, respectively. Regarding the irrigation method, APRI recorded a significantly higher value for the aboveground dry matter amount (7.80%, average) compared with CI under the same irrigation level and deficit stage. APRI and CI decreased the plant height and dry matter amount by 13.4% and 18.3% and 18.7% and 23.1% compared to CK, respectively. Under the same irrigation method and irrigation level, the plant height and aboveground dry matter amount of water deficit at S were noticeably lower than at M. Relative to CK, CI decreased the plant height and dry matter amount by 34.6% and 2.1% and 33.4% and 13.7%, respectively, and APRI declined by 25.8% and 1.1% and 29.2% and 8.3%, respectively, when water deficit occurred at S and M (Figure 4a,b).



With regard to the chlorophyll and carotenoid contents, the impact of the irrigation method, deficit stage, and irrigation level on them was significant, while the interaction of the irrigation method, deficit stage, and irrigation level had no significant effect on them (Table 4).



The chlorophyll and carotenoid contents were higher under CI than APRI. Compared to CK, CI and APRI significantly reduced the chlorophyll and carotenoid content by 13.7% and 23.1% and 11.3% and 20.3%, respectively. Deficit at M reduced the leaf chlorophyll and carotenoid concentration for the same irrigation method and irrigation level. Compared to CK, M and S under CI decreased the chlorophyll and carotenoid contents by 24.5% and 2.9% and 12.9% and 9.8%, respectively. Moreover, they decreased by 32.5% and 13.7% and 25.5% and 15.2% under APRI, respectively. Overall, the chlorophyll and carotenoid contents of W1 were higher than those of W2 (Figure 4c,d).




3.3. Root Dry Weight


The general trends of the root dry weight throughout the growth season of maize were similar among all treatments, increasing first and then decreasing over time, with varying rates (Figure 5). Therefore, the irrigation method, deficit stage, and irrigation level did not change the general trend of the maize root dry weight. The root growth rate was largest at the seedling stage. The root dry weight of all treatments reached the peak at the end of the milking stage (9/29). At harvest (10/12), ASW2 had the lowest root growth rate, which was significantly similar to that of CSW2, causing a similar root dry weight in both treatments (5.0923 and 5.0090 g, respectively). Overall, the largest root dry weight was in CK, while the root growth rate was not always the largest. Regardless of the irrigation level and irrigation method, the root dry weight of full irrigation was greater than that of deficit irrigation at the seedling stage, while the root growth rate after rewatering was higher than that of full irrigation.



In terms of deficit at the same growth stage, the root dry weight under APRI was greater than that under CI for the first four stages, but lower than that under CI at harvest at the same irrigation level. Under the same irrigation method and irrigation level, the root dry weight of deficit at M was significantly higher than that at S. Compared to that at M, the average root dry weight at S was decreased by 43.94% and 18.50% under APRI and CI, respectively. Under the same irrigation method and deficit stage, the root dry weight decreased with the decrease of the irrigation amount. The highest root growth rate was observed on 18 August, which coincided with the smallest root dry weight (Figure 5).



At harvest, the distribution of roots in the soil profile was the same among different treatments, with 53% of roots in the 0~10 cm soil layer. The distribution of roots was largely affected by the deficit stage, irrigation method, and irrigation level. Specifically, water deficit that occurred at S had a greater impact on root growth. Under the same irrigation method and deficit stage, the root dry weight in each soil layer of W1 was remarkably higher than that of W2, with APRI and CI being 104.29% and 35.86% higher on average, respectively. Compared to CK, W1 and W2 reduced the root dry weight by 16.7% and 26.9%, respectively. When the same irrigation level was applied, the root dry weight in the 0~10 cm soil layer under deficit irrigation at S was greater than that at M under APRI, while the root dry weight in the 10~50 cm layer under deficit irrigation at S was lower than that at M. In comparison to CK, deficit at S and M decreased the root dry weight by 57.9% and 35%, respectively. The root dry weight in each layer at S was 61.2%, 15.4%, 12.2%, 8.6%, and 2.7%, and that at M was 43.3%, 21.4%, 16.2%, 12.4%, and 6.7%, respectively. As for the irrigation method, APRI and CI reduced the root dry weight by 44% and 48.9% for CK, respectively. Apart from the 0~10 cm soil layer, the root weight of the other soil layers under APRI was greater than that under CI, but the proportion of roots in each soil layer to the total roots displayed no large difference between APRI and CI, except for the 0~10 cm soil layer (Figure 6).




3.4. Yield Traits


There were significant effects of the irrigation method, deficit stage, and irrigation level on the tip length, grain number per cob, and grain yield, but no significant effects of their two- or three-way interaction on the cob circumference, grain number per cob, grain yield, and HI were obtained (Table 5).



There was no significant difference in cob length and circumference among different treatments. For the same irrigation method and deficit stage, there was no significant difference in HI between different irrigation levels. The highest HI was obtained in ASW1, ASW2, and CSW1. However, the grain yield of W1 was significantly higher than that of W2 due to the increased grain number per cob and reduced tip length. Because of the shorter tip length and larger grain number per cob, the grain yield was the largest in ASW1 and CK. For the same irrigation method and irrigation level, deficit at M significantly increased the tip length, causing a reduction of the grain yield and HI. Compared to CK, deficit irrigation that occurred at S and M under CI decreased the grain yield by 12.7% and 25%, respectively. APRI decreased 2.3% and 17.7%, respectively. Deficit at M produced a longer tip length, causing a lower grain yield. At the same deficit stage and irrigation level, when water deficit occurred at M, the grain yields of both irrigation methods were not different. In comparison to CK, APRI and CI decreased the grain yield by 10.0% and 18.9%, respectively (Table 5).




3.5. ET, WUEY, IWUE, and WUEB


The irrigation method and deficit stage significantly affected ET, WUEY, IWUE, and WUEB. Additionally, there were significant impacts of the irrigation method × deficit stage on WUEY and IWUE, but the other two- and three-way interactions exerted no significant influence on these two indicators (Table 4).



When the irrigation method and deficit stage were the same, the ET and WUEB of W1 were higher compared with those of W2. In comparison to CI, ET under APRI was decreased by 14.99%, 19.37%, 8.43%, and 15.77% in ASW1, ASW2, AMW1, and AMW2, respectively. ET and WUEB under deficit at M were significantly higher than that those at S when the same irrigation method and irrigation level were used. Compared with CK, water deficit at S and M under APRI reduced ET by 17% and 12%, respectively. Deficit in the seedling and milking stage under CI reduced ET by 30% and 17.6%, respectively, and by 41.9% and 27.6% under APRI, respectively (Figure 7a,d). Under the same irrigation method and deficit stage, no differences in WUEY and IWUE were observed between W1 and W2. However, the WUEB of W1 under deficit irrigation at M was significantly higher than that of W2. Under the same irrigation method and irrigation level, the WUEY, IWUE, and WUEB of water deficit at M were significantly lower than that at S. In addition, WUEY under APRI was significantly larger than that of CI when the deficit stage and deficit level were the same, indicating that APRI was conducive to the increase of WUEY. ASW1 exhibited significantly higher WUEY and IWUE values (1.72 and 1.288 kg/m3, respectively) compared to others, and produced larger WUEB. Compared to CK, APRI and CI decreased ET by 34.7% and 23.8%, respectively. APRI obtained higher WUEY, IWUE, and WUEB values than CI. As for WUE, APRI and CI increased WUEY by 41% and 7.7%, respectively. APRI increased IWUE and WUEB by 8.8% and 25.5%, respectively, while CI decreased them by 9.45% and 1.5%, respectively (Figure 7).




3.6. Multi-Objective Evaluation


The yield reflects the effective productivity of a crop. The dry matter is the product of plant photosynthesis. The water use efficiency is an indicator of the efficiency of the process of water absorption and utilization, which is a hotspot in agricultural research in semi-arid and semi-humid regions. The yield (X1), dry matter accumulation (X2), WUEY (X3), and WUEB (X4) under each treatment (Xj, j = 1, 2, 3, 4) were constructed to produce the original matrix.



The order of each treatment from superior to inferior was ASW1 > ASW2 > AMW1 > AMW2 > CK > CSW1 > CMW1 > CSW2 > CMW2 (Table 6). Under APRI, when W1 occurred at S, multi-objective optimization was obtained.





4. Discussion


4.1. Plant Height, Leaf-Related Indexes, and Dry Matter


Previous results showed that APRI reduced the plant height, leaf area, and total dry matter amount compared with CI [42,43]. In this study, when deficit irrigation occurred at S, the plant height, leaf area, and aboveground dry matter amount under APRI were significantly higher than those under CI at the same irrigation level. Meanwhile, when W2 occurred at M, there were no significant differences in the leaf area and dry matter amount between APRI and CI. This difference can be partially explained by the fact that the temperature at the seedling stage was relatively higher and the evaporation was greater. APRI reduced ET compared to CI, which in turn affected maize growth. Wang et al. [8] showed that, compared with CI, the grain yield was not affected by APRI, while the total biomass amount was greatly decreased by APRI. We found that the plant height, leaf area, leaf chlorophyll concentration, and aboveground dry matter amount of W1 were remarkably greater than those of W2 at maturity for the same irrigation method and deficit stage, which generally agreed with previous studies [44,45,46,47,48]. Properly reducing the amount of irrigation at the seedling stage contributed to synthesis of the dry matter amount at the final stage [26]. Xing et al. [49] demonstrated that water deficit at the seedling stage inhibited the growth of plant height, leaf area, and aboveground dry matter. Water shortage at the milking stage did not remarkably impact the plant height, but it had a significant influence on the leaf area and dry matter amount. A water shortage occurred at the jointing stage, which inhibited the expansion of the leaf area and had the greatest impact on the maize leaf area index [50,51]. We also found that the plant height, leaf area, and aboveground dry matter amount under water deficit at M were remarkably greater than those at S under the same irrigation method and irrigation level. A water shortage at the seedling stage inhibited the maize growth.




4.2. Chlorophyll and Carotenoid Content


The photosynthetic rate increased with the increase in the leaf chlorophyll concentration, and the degradation of leaf chlorophyll directly caused the photosynthetic rate to be significantly decreased [52,53]. APRI had a slight impact on the chlorophyll and carotenoid content from the jointing to tasseling stage [53,54]. Fu et al. [55] found that the effects of different irrigation methods and levels on the maize carotenoid and chlorophyll concentration at the middle jointing stage, late jointing stage, and tasseling stage were not significant. However, we found a significant impact of the irrigation method, deficit stage, and irrigation level on the chlorophyll content at maturity. At the same deficit stage and irrigation level, the leaf chlorophyll concentration under APRI was significantly lower than that under CI at maturity. The discrepancy between the results may be explained by the difference in the water deficit stage and duration.




4.3. Root Dry Weight


Roots have a mechanism responsive to the soil environment [56], which has important effects on crop development and yield formation [57]. Our results suggested that the combination of different irrigation methods, deficit stages, and irrigation levels did not affect the general trend of the root dry weight, showing an inverted “V” trend, which was in good agreement with the result of Abrisqueta et al. [58]. Zhou et al. [59] found that the density of the grape root length under alternative drip irrigation was higher compared with that under conventional irrigation. Sampathkumar et al. [60] found that alternate drip irrigation with 100% ETc engendered longer lateral roots and a greater root dry weight. However, our results suggested that there were large differences in the root dry weight of all treatments at harvest. In addition, CK obtained the greater root dry weight, and both those of ASW2 and CSW2 were the smallest. The possible reason for this is that the duration of the water deficit that occurred at S was too long and APRI lost its advantages. At the mature stage, the root dry weight in the 0~10 cm soil layer of the deficit at S was greater than that at M under APRI. However, the root dry weight in the 10~50 cm layer under deficit irrigation at S was lower than that at M, showing that rehydration can compensate for root growth. Furthermore, water stress led to root death.




4.4. Yield Traits


Qi et al. [61] revealed that irrigation and nitrogen application methods had an unremarkable impact on the cob length, cob diameter, and bald length of corn. Sarker et al. [61] found that the irrigation level and method had a significant impact on the crop water productivity and yield. In this study, we also found that the irrigation method had insignificant influences on the cob length and cob circumference, but there was an extremely significant influence of the irrigation method on the point length, grain number per cob, and grain yield. In the identical irrigation method, when water shortage occurred at S, the difference of the cob length and cob circumference between W1 and W2 was not significant. In comparison to W2, the point length of W1 was shorter, while the grain number per cob was higher. The grain yield of W1 was significantly higher than that of W2, which agreed with previous studies [62,63].



Under the same irrigation method and irrigation level, the grain yield of water deficit at S was significantly higher than that at M, which was due to the increase of the point length and the reduction of the grain number per cob. Our outcomes agreed with those reported by others [25,64,65,66]. Moreover, studies have indicated that a moderate water deficit before the jointing stage will not only lead to a reduction in the grain yield of maize [65,67].



Some research has shown that there was no significant reduction in the grain yield when deficit occurred under APRI, compared with conventional deficit treatment [30,68]. Our results also found that the grain yield under APRI was higher than that under CI, but the difference between them was not significant, which agreed with Dodd et al. [69], Liu et al. [70], Kusakabe et al. [71], and Shu et al. [72]. Zhang et al. [73] found that APRI had an advantage in increasing the yield under deficit irrigation. This may be explained by the fact that the repeated cycles of alternating drying and rehydration caused by APRI induced root hair development after the soil had dried for some time [72]. Under different climatic conditions and durations and degrees of deficit, the signal transduction of plant hormones (including cytokinins) improved the nutritional status of crops, causing changes in both physical and biological aspects of crops, thus affecting the effectiveness of soil nutrients.




4.5. Total Water Consumption and Water Use Efficiency


A large number of studies have demonstrated that APRI can improve crops’ WUE [16,32,74,75,76]. In agreement with them, we also found that ET under CI was significantly higher than that under APRI at the same deficit stage and deficit level. Moreover, WUE, IWUE, WUEB, and HI under APRI were significantly higher than those under CI at the same deficit stage and irrigation level, which was in agreement with Liang et al. [31], who found that APRI increased WUE on the basis of the total dry mass. Although APRI and CI were applied for the same irrigation level at the same stage, their ET values were different. Compared with CI, APRI decreased the value by 14.64%. Simultaneously, APRI increased the average WUE, IWUE, and WUEB by 30.37%, 20.40%, and 27.42% compared to CI, respectively. Different degrees of water deficit at each growth stage of maize reduces the water consumption [63,64,77,78]. However, WUE and IWUE were enhanced by water deficit [63,79,80]. We also found that the ET of W1 was significantly higher than that of W2 under the same irrigation method and deficit stage, but WUE and IWUE were not significantly different between these two irrigation levels. Although W2 reduced ET, it also caused a decrease in production. Under the same irrigation method and irrigation level, ET under water deficit at M was significantly greater than that at S, but the WUE and IWUE of water deficit at M were significantly lower than those at S.




4.6. Multi-Objective Evaluation Based on the Entropy Weight and TOPSIS Methods


The TOPSIS method has been widely used in project evaluations in the fields of land planning, water conservancy, power, engineering, and so on. Wang et al. [81] applied TOPSIS to optimize the management of water and fertilizer for high-yield and high-quality potatoes. Rasool et al. [82] used TOPSIS to estimate the fruit quality index of tomatoes. Wang et al. [83] adopted TOPSIS to evaluate the irrigation and drainage patterns under different nitrogen levels in rice. However, in the process of TOPSIS calculation, an important step is determining the weight of each indicator [82]. Wang et al. [81] and Rasool et al. [82] both considered that the weights of the indicators were equal. In this study, the entropy weight method and the ideal point method were combined. The entropy weight is a typical diversity-based weighting method, which calculates attribute weights based on the diversity of attribute data (DAD) between schemes [34]. The weight of each index was determined by the entropy weight method, and the weight matrix was then constructed. According to the entropy weight and TOPSIS methods, the study found that multi-objective optimization was attained when W1 occurred at S under APRI.





5. Conclusions


Compared to CK, APRI and CI decreased ET by 34.7% and 23.8%, respectively. In comparison to CK, APRI and CI increased WUEY by 41% and 7.7%, respectively. APRI increased IWUE and WUEB by 8.8% and 25.5%, respectively. Additionally, because of the shorter tip length and larger grain number per cob, ASW1 obtained a similar grain yield to CK and the largest HI. However, compared to CK, CI and APRI significantly reduced the chlorophyll and carotenoid contents by 13.7% and 23.1% and 11.3% and 20.3%, respectively. Deficit at the milking stage produced a longer tip length, causing a lower grain yield. When mild deficit irrigation (55~70% FC) occurred at the seedling stage under APRI, multi-objective optimization was obtained.
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Figure 1. Daily air temperatures (Tmax = maximum air temperature, Tmin = minimum air temperature, and Ta = average air temperature) during the maize growing season in 2017. 
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Figure 2. Layout of the two irrigation methods. 
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Figure 3. Irrigation schedule during the maize growing seasons under APRI (a) and CI (b). 
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Figure 4. Effects of different irrigation levels and deficit periods on the plant height (a), aboveground matter accumulation (b), and chlorophyll (c) and carotenoid content (d) of maize under alternate partial root-zone irrigation. Different letters on top of the bar denote significant differences at p < 0.05 according to the Duncan test. 
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Figure 5. Root dry weight (a,b) and root growth rate (c,d) in the whole soil profile (0~50 cm) of maize in SW1, SW2, MW1, MW2, and CK treatments throughout the growing season. 
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Figure 6. Distribution of the root dry weight in different soil layers at harvest under APRI (a) and CI (b). 
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Figure 7. Effects of different irrigation levels and deficit stages on the ET (a), WUEY (b), IWUE (c), and WUEB (d) of maize under alternate partial root-zone irrigation. Different letters on top of the bar denote significant differences at p < 0.05 according to the Duncan test. 
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Table 1. Physical and chemical properties of the experimental soil.






Table 1. Physical and chemical properties of the experimental soil.





	Soil Texture
	pH
	Field Capacity (FC, %)
	Wilting Coefficient (%)
	Organic Matter

(g/kg)
	Available Potassium (mg/kg)
	Ammonium Nitrogen

(mg/kg)
	Nitrate Nitrogen (mg/kg)
	Available Phosphorus (mg/kg)





	Heavy loam
	8.1
	24
	8.5
	12.0
	13.13
	7.70
	21.8
	6.5
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Table 2. Treatments of the experimental design.
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	Irrigation Method
	Deficit Stage
	Irrigation Level
	Code





	APRI
	S
	W1
	ASW1



	APRI
	S
	W2
	ASW2



	APRI
	M
	W1
	AMW1



	APRI
	M
	W2
	AMW2



	CI
	S
	W1
	CSW1



	CI
	S
	W2
	CSW2



	CI
	M
	W1
	CMW1



	CI
	M
	W2
	CMW2



	CI
	All
	W0
	CW0







Note: APRI, alternate partial root-zone irrigation; CI, conventional irrigation; S, deficit irrigation during the seedling stage; M, deficit irrigation during the milking stage; All, no deficit irrigation; W1, mild deficit irrigation (55%~70% FC, where FC is the field capacity); W2, serious deficit irrigation (40%~55% FC); and W0, sufficient irrigation (70%~85% FC). The same symbols were used for the following figures and tables.
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Table 3. Effects of different irrigation levels and deficit stages on the leaf-related indexes of maize under alternate partial root-zone irrigation.
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Irrigation Method

	
Deficit Stage

	
Irrigation Level

	
Fresh leaf Weight

(g plant−1)

	
Dry leaf Weight

(g plant−1)

	
Leaf Area

(cm2 plant−1)

	
Special Leaf Area (cm2 g−1)

	
Leaf Area Ratio (cm2 g−1)






	
APRI

	
S

	
W1

	
53.49 bc

	
16.95 b

	
3776 cd

	
222.82 bc

	
53.22 ab




	
W2

	
49.21 c

	
13.19 cd

	
3325.5 e

	
252.08 a

	
54.28 a




	
M

	
W1

	
71.97 a

	
18.51 b

	
4231.8 a

	
228.6 b

	
43.72 c




	
W2

	
47.16 c

	
17.42 b

	
3992 abc

	
229.19 b

	
43.27 c




	
CI

	
S

	
W1

	
55.46 bc

	
16.43 bc

	
3520.4 de

	
214.2 bc

	
50.16 b




	
W2

	
42.73 c

	
12.57 d

	
2630.8 f

	
209.25 c

	
44.29 c




	
M

	
W1

	
65.19 ab

	
24.07 a

	
3862.5 bc

	
160.47 e

	
40.25 c




	
W2

	
52.44 bc

	
19.4 b

	
3712 cd

	
191.39 d

	
43.37 c




	
CI

	
All

	
W0

	
72.83 a

	
25.75 a

	
4100.3 ab

	
159.21 e

	
41.92 c




	
Irrigation method

	
ns

	
ns

	
**

	
*

	
*




	
Deficit stage

	
**

	
**

	
**

	
**

	
**




	
Irrigation level

	
**

	
**

	
**

	
ns

	
**




	
Irrigation method × Deficit stage

	
ns

	
*

	
ns

	
ns

	
ns




	
Irrigation method × Irrigation level

	
ns

	
ns

	
ns

	
ns

	
ns




	
Deficit stage × Irrigation level

	
ns

	
ns

	
**

	
**

	
**




	
Irrigation method × Deficit stage ×

	
ns

	
ns

	
ns

	
ns

	
ns




	
Irrigation level








Note: Different letters behind the values denote significant differences at p < 0.05 according to the Duncan test. * means significant difference (p < 0.05), ** means extremely significant difference (p < 0.01), and ns means no significant difference (p > 0.05).
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Table 4. Significance levels (p values) of the effects of the irrigation method, deficit stage, and irrigation level on the plant height, dry matter, chlorophyll, carotenoids, ET, WUEY, IWUE, and WUEB.
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	Variation Source
	Plant Height
	Dry Matter
	Chlorophyll
	Carotenoids





	Irrigation method
	**
	**
	**
	**



	Deficit stage
	**
	**
	**
	**



	Irrigation level
	*
	**
	**
	**



	Irrigation method × Deficit stage
	**
	ns
	ns
	**



	Irrigation method × Irrigation level
	ns
	ns
	ns
	*



	Deficit stage × Irrigation level
	ns
	**
	**
	ns



	Irrigation method × Deficit stage × Irrigation level
	ns
	ns
	ns
	ns



	Variation source
	ET
	WUEY
	IWUE
	WUEB



	Irrigation method
	**
	**
	**
	**



	Deficit stage
	**
	**
	**
	**



	Irrigation level
	**
	ns
	**
	**



	Irrigation method × Deficit stage
	ns
	**
	**
	ns



	Irrigation method × Irrigation level
	**
	ns
	ns
	ns



	Deficit stage × Irrigation level
	*
	ns
	ns
	**



	Irrigation method × Deficit stage × Irrigation level
	ns
	ns
	ns
	*







Note: * means significant difference (p < 0.05), ** means extremely significant difference (p < 0.01), and ns means no significant difference (p > 0.05).
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Table 5. Effects of different irrigation levels and deficit stages on the grain yield and its traits of maize under alternate partial root-zone irrigation.
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Irrigation Method

	
Deficit Stage

	
Irrigation Level

	
Cob Length (cm)

	
Tip Length (cm)

	
Cob Circumference (cm)

	
Grain Number Per Cob (n)

	
Grain Yield (g/plant)

	
HI

(%)






	
APRI

	
S

	
W1

	
18.1 a

	
0.5 e

	
12.71 a

	
388 a

	
73.66 a

	
40.03 a




	
W2

	
17.44 a

	
0.7 d

	
12.23 a

	
350 c

	
63.56 c

	
38.43 ab




	
M

	
W1

	
17.8 a

	
2.2 b

	
13.5 a

	
322 d

	
60.81 cd

	
36.17 b




	
W2

	
15.8 a

	
3.1 a

	
13.1 a

	
290 e

	
54.78 de

	
29.6 c




	
CI

	
S

	
W1

	
17.75 a

	
0.3 f

	
13.01 a

	
327 d

	
66.38 bc

	
37.97 ab




	
W2

	
18.3 a

	
0.4 ef

	
13.44 a

	
312 d

	
56.2 d

	
35.67 b




	
M

	
W1

	
16 a

	
1.7 c

	
13.62 a

	
289 e

	
55.69 de

	
26.13 cd




	
W2

	
16.7 a

	
2.1 b

	
12.81 a

	
257 f

	
49.59 e

	
24.73 d




	
CI

	
All

	
W0

	
18.6 a

	
0.8 d

	
13.42 a

	
370 b

	
70.23 ab

	
28.30 cd




	
Irrigation method

	
ns

	
**

	
ns

	
**

	
**

	
ns




	
Deficit stage

	
**

	
**

	
ns

	
**

	
**

	
**




	
Irrigation level

	
ns

	
**

	
ns

	
**

	
**

	
ns




	
Irrigation method × Deficit stage

	
ns

	
**

	
ns

	
ns

	
ns

	
ns




	
Irrigation method × Irrigation level

	
**

	
**

	
ns

	
ns

	
ns

	
ns




	
Deficit stage × Irrigation level

	
ns

	
**

	
ns

	
ns

	
ns

	
ns




	
Irrigation method × Deficit stage × Irrigation level

	
ns

	
*

	
ns

	
ns

	
ns

	
ns








Note: Different letters behind the values denote significant differences at p < 0.05 according to the Duncan test. * means significant difference (p < 0.05), ** means extremely significant difference (p < 0.01), and ns means no significant difference (p > 0.05).
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Table 6. The Euclidean distances Si* and Si− between each target value and the ideal point and the relative closeness Ci* of each target.






Table 6. The Euclidean distances Si* and Si− between each target value and the ideal point and the relative closeness Ci* of each target.





	
Irrigation Method

	
Deficit Stage

	
Irrigation Level

	
Si*

	
Si−

	
Ci*

	
Rank

	






	
APRI

	
S

	
W1

	
0.032

	
0.066

	
0.671

	
1

	




	
W2

	
0.036

	
0.063

	
0.638

	
2

	




	
M

	
W1

	
0.040

	
0.059

	
0.599

	
3

	




	
W2

	
0.046

	
0.041

	
0.466

	
4

	




	
CI

	
S

	
W1

	
0.060

	
0.034

	
0.361

	
6

	




	
W2

	
0.068

	
0.023

	
0.254

	
8

	




	
M

	
W1

	
0.061

	
0.032

	
0.345

	
7

	




	
W2

	
0.075

	
0.017

	
0.185

	
9

	




	
CI

	
All

	
W0

	
0.060

	
0.042

	
0.409

	
5
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