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Abstract

:

Water management is critical for wheat production under extreme drought conditions, and the mechanisms by which root dynamics and soil water utilization affect wheat yield are uncertain. This study was conducted in 2023–2024 under a mesophilic semi-arid climate with a two-factor partitioned experimental design, aiming to assess the response of different irrigation amounts in winter wheat crops on root growth and development, soil water utilization, and yields in different soil horizons. The results showed that variety and irrigation volume had significant effects on the spatial and temporal distribution of root and yield components, with irrigation volume having the greatest effect on yield. Compared with CK, deficit-regulated irrigation significantly promoted root penetration to deeper layers and delayed root senescence. DRWD, RLD, RSA, and RV decreased gradually with increasing soil depth, and the peaks of RLD, RSA, and RV appeared at the tassel to flowering stage, respectively; and under deficit-regulated irrigation, the contribution of the A2W4 treatment to stable yield was greater. Therefore, A2W4 is an effective water-saving irrigation method to improve grain yield and water-use efficiency under deficit-regulated irrigation.
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1. Introduction


Wheat (Triticum aestivum L.) is one of the important food crops in our country, and the wheat grown in semi-arid regions of the country accounts for 60% of wheat production [1]. Drought is an important factor affecting wheat yield. With the increase in extreme drought climates globally, the wheat yield decreased up to 30% [2]. It is estimated that by around 2030, China’s population will reach up to 1.6 billion and the food requirement will reach more than 640 million tonnes, and the corresponding irrigated area will need to grow more than 9 billion ha in order to meet people’s daily food consumption needs [3].



Xinjiang is located in the interior of northwestern China and has typical semi-arid climatic conditions in the mid-temperate zone. Due to its rich light and heat resources, Xinjiang has become one of the main production areas for wheat cultivation in China. Out of which, irrigated wheat in Xinjiang accounts for about 1.1 × 106 ha of planting area [4]. In recent years, agricultural production in Xinjiang has been constrained by a combination of water scarcity, serious water wastage, and fragile ecological environment [5,6,7], resulting in a serious threat to wheat production. Moisture is a necessary factor for wheat production. The average annual rainfall in Xinjiang is only about 150 mm; however, the evaporation is more than 2000 mm, and the average agricultural water consumption over the years reaches 5.33 × 1010 m3, accounting for more than 94% of the total water consumption in the region [8,9,10]. In addition, how to promote the use of high-efficiency, water-saving irrigation technology and the screening of drought-tolerant and high-yielding varieties in semi-arid areas in the context of the third green revolution in agriculture is of great importance for the sustainable and healthy development of oasis agriculture in Xinjiang.



Previous research has shown that micro-sprinkler and drip irrigation improved wheat root distribution, delayed root senescence, promoted water uptake in deeper soils, and ultimately increased wheat yields compared to conventional irrigation [11,12]. Deficit-regulated irrigation is a water-saving irrigation strategy considered to be potentially valuable in arid regions, which can improve water productivity per unit of water by regulating the amount and duration of irrigation. Deficit-regulated irrigation can achieve improvement of crop water-use efficiency and can increase and stabilize yields [13]. In addition, one or two appropriate irrigation strategies help to increase yields and water-use efficiency [14]. Highest irrigation efficiency was achieved if 750 m3 ha−1 were irrigated at each of the jointing and flowering (T3) stages [15]. Irrigation at critical wheat growth periods such as the rising, jointing, heading, and flowering stages can increase the number of spikes and fruiting florets, and increase the weight of individual grains, resulting in higher seed yield [16]. The stem elongation stage is a critical stage in the water requirements of wheat, and drought occurring during jointing has severe effects on plant growth and photosynthesis [17], while a water deficit before elusion can adversely affect wheat yield [18]. In arid regions, it has been shown that a rainwater harvesting system for ridges in combination with 75 mm irrigation increased soil moisture throughout the rooting zone, while irrigation at the jointing stage and jointing and flowering stage increased yields by an average of 12.79% and 18.65% compared to no irrigation [19]. Previous studies have mainly investigated the effects of single factors such as cropping practices [20], planting density [21], irrigation volume, and irrigation frequency [22] on wheat root growth and development. Research on water-saving irrigation mainly focuses on soil properties, water-use efficiency, and yield. Liu et al. showed that crop root growth is closely related to the level of water irrigation; compared with the appropriate amount of irrigation, water deficit can promote wheat root distribution in deeper soil [23], and can increase the length of the root system of wheat at the spiking stage by 15.5%. Gajri et al. showed that wheat irrigation at the early reproductive stage can shorten the root growth and development time, thus increasing water-use efficiency and thus achieving high yields [24]. For deficit-regulated irrigation, excessive irrigation is detrimental to wheat crops’ water efficiency, and irrigated 3600 m3 ha−1 from the nodulation to the filling stage is a suitable cultivation pattern for the simultaneous improvement of efficiency of yield and water use of winter wheat in this area [25]. Nevertheless, the roles of variety and irrigation in the regulation of winter wheat roots’ morphological parameters in the 0–80 cm soil layer under deficit irrigation treatments is unknown.



Based on previous studies, the aims of this study were as follows (1) to elevate the sensitivity of wheat plants to water stress during nutritive and reproductive growth; (2) to determine whether irrigation regimes can interact synergistically with root-growth rates to improve wheat yield and WUE, and (3) to determine combinations of deficit-modulated irrigation and varieties to optimize wheat yield and resource-use efficiency.




2. Materials and Methods


2.1. Experiment Site


The experiment was conducted in 2023–2024 at the Qitai Wheat Experiment Station of Xinjiang Academy of Agricultural Sciences (43°59′53″ N, 89°44′23″ E) on sandy loam soil, with the basic physicochemical properties of the 0–20 cm soil layer being 47.57 g kg−1 of organic matter (OM), 67 mg kg−1 of alkaline-dissolved nitrogen (AN), 14.1 mg kg−1 of quick-acting phosphorus (OP), and 141 mg kg−1 of quick-acting potassium (AK). The precipitation and temperature of wheat growing in different months in this experiment (provided by the local meteorological station) are shown in Figure 1. The soil capacity and field water-holding capacity of the 0 to 80 cm soil layer in the experimental plot are shown in Table 1.




2.2. Experiment Design


In the 2023 to 2024 wheat-growing season, a two-factor split-zone experimental design was used, with the main zone varieties (A) set as New Winter 22 (A1) and New Winter 18 (A2), and the subzones irrigation (W) set as 2280 m3 ha−1 (W1), 2820 m3 ha−1 (W2), 3360 m3 ha−1 (W3), 3900 m3 ha−1 (W4), 4440 m3 ha−1 (W5), and 4980 m3 ha−1 (CK). The plots were 12 m2 (2 m × 6 m) in size and the treatments were randomly grouped in three replications each. Water infiltration was prevented by using 2 m wide protection rows between two adjacent irrigated plots, and irrigation water was measured by flow meter. Groundwater was buried at a depth of about 25 m. Water at the test site was rationed at 4500 m3 ha−1 and watered eight times during the reproductive period, and the irrigation volumes for the two growing seasons are shown in Figure 2.



This test variety is the most widely planted local variety in Xinjiang, and all fields, 105 kg ha−1 of pure N (urea), 140 kg ha−1 of P2O5 (calcium superphosphate), 140 kg ha−1 of K2SO4, and 130 kg ha−1 of N were applied as a basal dressing at the pulling stage before sowing, and the winter wheat was harvested on 4 October 2023 and 1 July 2024, with a planting density of 3,000,000 ha−1, and no diseases or pests occurred during the trial period. Other management measures are consistent with local field management measures.




2.3. Measurements and Data Analysis


2.3.1. Soil Moisture Content


Soil samples were collected by soil auger, 3 days after irrigation at pre-sowing, rising, jointing, botting, heading, flowering, grain-filling, and maturity stages; samples were taken from each 20 cm soil layer to a depth of 80 cm. Soil moisture was determined by the desiccation method.




2.3.2. Determination of Root System Characteristics


The field trial was set up as an in situ soil column test. A replicated field trial area was selected and mapped prior to soil preparation. The soil at 80 cm depth was ploughed to the surface in four layers: 0–20 cm, 20–40 cm, 40–60 cm, and 60–80 cm. The 0 to 80 soil layers were blended and the bulk density of each layer determined. Soil columns were constructed according to the method of Wu et al. [26]. Root samples were collected from the 0–80 cm soil layers in each plot at the jointing, botting, heading, flowering, and grain-filling stage, with 1 soil layer for every 20 cm depth [27]. Root parameters (root length, root surface area, and root volume) were obtained from the root analysis software (WinRHIZO2008) for the different soil layers after treatment.



Root dry weights were obtained by blotting with absorbent paper and drying in an oven at a constant temperature of 80 °C. Dry-weight density of roots (DRWD, g m−3), length density of roots (RLD, cm cm−3), surface area of roots (RSA, m2 ha−1), and volume of roots (RV, m3 ha−1) in different soil layers were determined by Equations (1)–(4) [28,29,30,31], respectively.


  D R W D =   M V   ×   10  6   



(1)






  R L D =   L V    



(2)






  R S A =   A S   ×   10  8   



(3)






  R V =     V ′   S   ×   10  8   



(4)







Total root dry weight (TDRW, g m−2), total root length (TRL, cm cm−2), total root surface area (TRSA, m2 ha−1), and total root volume (TRV, m3 ha−1) were defined as the unit of soil area in different layers of soil. The sum of root weight, root length, RSA, and RV for different soil areas [32], respectively (5)–(8) were determined by the following:


  T D R W =   ∑  i = 1  n    M i    / S ×   10  4   



(5)
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  T R S A =   ∑  i = 1  n    A i    / S ×   10  8   



(7)






  T R V =      ∑  i = 1  n    V i ′     S   ×   10  8   



(8)








2.3.3. Grain Yield, ET, and WP


Wheat grain yield was measured from a 6 m2 area per plot at maturity. Groundwater recharge and runoff were negligible at this experimental site. Crop water consumption (ET) (9) and water-use efficiency (WUE) (10) were calculated using the following soil–water balance equation [32,33].


ET = irrigation + precipitation + soil water consumption



(9)







WUE was defined as follows:


WUE (kg ha−1) = wheat grain yield/water consumption during the reproductive period



(10)








2.3.4. Statistical Analysis


The data were arranged using Microsoft Excel 2016 software, analyzed by ANOVA, and plotted using R.4.2.1 R language software, and multiple comparisons were performed using the Least Significant Difference (LSD) method for significant (p < 0.05) differences [34].






3. Results


3.1. Effects of Deficit-Regulated Irrigation on Soil Water Consumption Characteristics and Its Water-Use Efficiency


The total water consumption of wheat exhibited a notable decline with a reduction in irrigation volume under a range of deficit-regulated irrigation treatments. Conversely, the water-use efficiency demonstrated an ‘N’ pattern (Table 2 and Table 3). In comparison to the CK, the total water consumption and water-use efficiency of wheat exhibited an ‘M’ pattern throughout the reproductive process. The highest total water consumption was observed at the filling stage, with an average of 89.64, while the highest water-use efficiency was recorded at flowering, with a value of 122.47. The treatment resulted in a maximum value of 98.20 for the water-use efficiency (WUE). The water-use efficiencies of A2 varieties exhibited an average increase of 34.29%, 20.99%, 11.74%, and 12.90%, respectively, compared to A1 varieties under the W1, W2, W3, and W4 treatments. This indicated that A2 varieties were able to utilize water more efficiently and improve water-use efficiencies under deficit-regulated irrigation conditions.




3.2. Effects of Deficit-Regulated Irrigation on Yield and Its Components in Drip-Irrigated Winter Wheat


As shown in Figure 3, deficit-regulated irrigation had a significant effect on wheat yield and its components during the wheat reproductive period. The number of spikes per hectare, number of grains per spike, thousand grain weight, and yield of wheat showed an increasing and then decreasing trend with the decrease in irrigation, and reached maximum values of 1995.00, 28.29, 47.61, and 7100.04, respectively, under W5 treatment. The number of spikes per hectare, number of grains per spike, and thousand grain weight of wheat showed a significant trend of increase in the W5 treatment as compared to CK with an average increase of 13.33%, 3.66%, and 3.73%, respectively, and the deficit irrigation treatment showed a significant increase in its yield and its components as compared to CK, 3.66 and 3.73 per cent. The deficit-regulated irrigation treatments showed an average decrease of 13.33, 3.52, 7.49, and 0.42 percent in the number of spikes per hectare, number of grains per spike, and weight of thousand grains per hectare and yield, respectively, as compared to CK.




3.3. Effects of Deficit-Regulated Irrigation on Root Development Indices and Root Architecture


As shown in Figure 4a,b, deficit-regulated irrigation significantly affected total root dry weight (TDRW) and total root length (TRL), which showed a significant decreasing trend with decreasing irrigation water. Compared with CK, TDRW decreased by 22.43% in deficit-regulated irrigation treatments, with the largest decrease of 63.42% in W1 treatment, and TRL increased by 14.92%, with the largest increase of 43.21% in W5 treatment. Compared with the A1 variety, the TDRW and TRL of the A2 variety increased by an average of 58.55% and 47.00%, respectively, under the deficit-regulated irrigation treatment.




3.4. Effects of Regulated Deficit Irrigation on Root Growth of Winter Wheat under Drip Irrigation


As shown in Table 4 and Table 5, deficit-regulated irrigation had a significant impact on total root surface area (TRSA) and total root volume (TRV), which showed a significant decreasing trend with decreasing irrigation volume. Compared with CK, TRSA increased by 6.86% under deficit-regulated irrigation treatments, with the highest increase of 40.79% in TRSA under W5 treatment, and TRV decreased by 10.03%, with the highest decrease of 46.04% in TRV under W5 treatment. Compared with the A1 variety, the average increase in TRSA and TRV of the A2 variety under deficit-regulated irrigation treatment was 35.13% and 50.38%, respectively. Whereas, the average increase in TRV was in the order of W1 (132.03%), W4 (92.86%), W2 (46.13%), W3 (26.46%), and W5 (−45.58%).



Throughout the growth period, the root system parameters under the different treatment combinations showed an upturned “V”-shaped trend, initially increasing and then declining. Under deficit-regulated irrigation treatments, all root system parameters peaked during the jointing stage. The A1W5 and A1W1 treatments had the highest and lowest values of the four root morphology parameters (TDRW, TRL, TRSA, TRV), respectively. The figures (Figure 5a–d) illustrate the distribution of root phenotypic parameters in soil layer 0 to 80, indicating that DRWD, RLD, RSA, and RV progressively decreased with increasing depth of soil layer at the same growth stage. Compared to the control (CK), the deficit-regulated irrigation enhanced the root system parameters by 6.45%, with the A1W5 treatment showing the maximum increase of 24.19%. DRWD, RLD, RSA, and RV in the 0–80 cm layer of the soil under the different treatment combinations showed an increasing and then a decreasing trend during the whole reproductive period of the wheat. The root system parameters varied with soil depth. RLD, RSA, RV, and DRWD peaked at the jointing and booting stages, respectively, in the 0 to 20 cm soil layer. In contrast, maximum RLD, RSA, RV, and DRWD in the 20–80 cm soil layer occurred during the heading and flowering stages, respectively. Moreover, compared to the A1 variety, the A2 variety showed an average increase of 45.64% in root system parameters under deficit irrigation treatment.




3.5. Effects of Deficit-Regulated Irrigation on Root Growth of Winter Wheat under Drip Irrigation


As shown in Figure 6, deficit-regulated irrigation had a significant effect on TDRW, TRL, TRSA, and TRV indexes in winter wheat, and different deficit irrigation mainly promoted the accumulation of dry matter in TDRW. Compared with CK, deficit irrigation had a significant effect on root morphology and structure, and deficit irrigation treatments had a significant effect on TDRW and TRSA, followed by TRL and TRV. Under deficit-regulated irrigation treatments, compared with CK, A1W5 and A2W4 treatments had significant enhancement effects on root morphology indexes, and with the advancement of reproductive process, the TRL, TRSA, and TRV reached the maximum value at the nodulation stage of the A2 variety W5 treatment with 2.28, 47.22, and 14.85, respectively, and the TDRW reached the maximum value in the W5 treatment at the irrigation stage of the A1 variety, with 615.72.




3.6. Correlation Analysis of Root-Growth Parameters and Yield of Winter Wheat under Drip Irrigation


As shown in Figure 7, winter wheat yield and root morphology parameters were highly significant and positively correlated (p < 0.01) under deficit-regulated irrigation treatments. Yield was highly significant with TDRW, TRV, TRSA, TRL, DRWD, TDRW, RSA, RLD, and RV, where RV, TRV, and TRSA had larger correlation coefficients, all of which were 0.96. TRL and TDRW and their yields attained highly significant differences, but with smaller correlation coefficients, 0.82 and 0.85, respectively.





4. Discussion


The root system is a vital organ in plants, serving a multitude of functions. These include the uptake of water and nutrients, the storage of metabolites, the provision of anchorage, the provision of mechanical support, and the interaction with the soil environment [35]. In a study conducted by Zhang et al., it was demonstrated that the soil layer between 0 and 20 cm is the region where roots exhibit the most vigorous growth and development [36], and is also the layer with the greatest root length, root dry weight, and root length density; compared with 3750 m3 ha−1 irrigation conditions, extreme drought conditions promote the increase in the deep root volume to a certain extent, which contributes to the utilization of the deep soil water by the root system of wheat under drought conditions and improves the water-use efficiency, but it results in a lower yield, whereas overflooding of 4500 m3 ha−1 could lead to inhibition of root growth, prompting a decrease in root vigor and early root decline, affecting water uptake and ultimately resulting in the lowest water-use efficiency and lower yields. The present study has demonstrated that the beneficial impact of deficit-regulated irrigation on root structure is evident in the following key areas: All growth parameters in the 0–80 cm soil layers peaked at nodulation, whereas TDRW, TRL, TRSA, and TRVs peaked at tasseling to flower stage in W1. Root parameters peaked sooner in deficit-irrigated treatments, and all growth parameters in soil layers 0–80 cm peaked at nodulation, whereas TDRW, TRL, TRSA, and TRV peaked later in W1 treatment. This may reflect the improved soil water use, WUE, and irrigated water-use efficiency during the later fertile stages following deficit-irrigated treatments [37]. Tiller root conformation in cereal crops is considered to be the most complex root system in cereal crops, and its irrigation level and timing have a significant effect on its root growth. It has been shown that irrigation applied too late in the reproductive period is detrimental to root growth in the later stages of wheat fertility, whereas deficit-regulated irrigation applied early in the reproductive period is beneficial for obtaining high yielding and efficient root morphology and architecture. Research has shown that water control during wheat nodulation promotes deep root growth, photosynthate partitioning into roots, tillering, and canopy structure [38]. It has been shown that the W1 irrigation pattern can delay deep rooting senescence and enhance DRWD, RLD, RSA, and RV during nodulation, thereby enhancing soil penetration and deep-soil-moisture uptake and utilization [39]. Precipitation plays a small role in yield formation of winter wheat in Xinjiang, and under the condition of consistent soil water storage, the main influence on wheat yield formation is the amount of irrigation, while excessive irrigation can reduce wheat yield and water-use efficiency [40]. Additionally, the biological activity of the root system in deep soils is enhanced by appropriate irrigation [41].



The impact of distinct deficit-regulated irrigation techniques on the root morphology of winter wheat in Xinjiang’s characteristic semi-arid climatic conditions remains unclear. It was found that the appearance of the maximum values of root parameters in each treatment showed an overall delay with the increase in irrigation volume and soil depth (Figure 8). The deep RLD, RSA, and RV exhibited delayed flowering under the W1, W2, W3, and W4 treatments, while the DRWD demonstrated delayed filling under the W5 and CK treatments. It can be hypothesized that the observed effects may be attributed to the impact of water deficit during the initiation period on soil bulk weight and soil water content in the 0–20 cm layer of the top soil. This resulted in an increase in soil porosity, field water-holding capacity, and growth of primary and secondary roots in the 0–20 cm soil layer, as evidenced in previous studies [42]. Conversely, the root-growth parameters were found to be influenced by soil bulk weight [43] and soil water content [44], as demonstrated in other research. This indicates that the implementation of deficit-regulated irrigation has the potential to stimulate root development by enhancing soil structure via the modification of irrigation water content. Prior studies have concentrated on the impact of an individual factor—either variety or watering volume—on the root development of wheat. Nevertheless, there is little literature on the effect of dual factors and their interactions on the root structure of wheat roots under deficit-regulated irrigation. Tennant et al. showed that wheat root stunting is mainly caused by depletion of the crops’ soil moisture, and that root morphology and structure are significantly affected with deeper soil depth, and that root morphology and structure of root systems of different wheat varieties are subjected to wide variations [45,46]. ShahzĀD et al. found that under arid wheat-cropping systems, deficit-regulated irrigation of 1500 m3 ha−1 can significantly promote the growth of root morphology in soils within the 0–40 cm soil layer under 200 mm of precipitation, thereby increasing grain yield [47]. However, the regulatory effect of deficit-regulated irrigation on root growth was predominantly observed in the root system below 20 cm in the present study. An optimal distribution of root-growth characteristics was observed within the 0–80 cm soil layer, contingent upon the A2W4 treatment. In the deep layer, the peak appearance of RLD, RSA, and RV was delayed as a result of this treatment. Furthermore, this study demonstrated that the peak of deep root growth occurred later under the A2W4 treatment, and the rate of decline of post-peak decay was slowed down. Therefore, we concluded that a good spatio-temporal distribution of the root system is the most important morphological or physiological factor that leads to high yields.



It was concluded by Meng et al. that the application of irrigation at the overwintering and jointing stages of wheat is conducive to the accumulation and utilization of dry matter in the later stages of wheat growth. This finding is supported by evidence cited in reference [48]. Ma et al. showed that deficit-regulated irrigation at the nodulation and flowering stages was beneficial for improving wheat water-use efficiency and its yield [49]. However, multiple irrigation treatments based on two varieties were added in our study. The W4 and W5 treatments significantly improved total water consumption, water-use efficiency, yield, and its components in wheat as compared to CK. The results of the two-factor treatments showed that the A1W5 treatment had the highest yield. Liao et al. showed that strong, high, and consistent seed yield was positively correlated with high and consistent deep root growth [50]. In the present study, both root-growth parameters and seed yield showed highly significant positive correlations, which may be due to the positive correlation between root-growth parameters and water-use efficiency, which in turn is in general agreement with Zhang et al. [51]. It is hypothesized that root-growth parameters may significantly affect the absorption of water and soil nutrients in winter wheat, which in turn regulates the number of spikes and thousand grain weight, and ultimately affects seed yield. Among them, the A2W4 treatment was found to be instrumental in retarding the aging process of roots, sustaining greater root biomass and length, and enhancing the root system architecture (RSA) during the later phases of growth. These effects are crucial for achieving optimal yield outcomes.




5. Conclusions


Under the extreme climatic conditions in Xinjiang, there was a positive correlation between soil water content, root water uptake, and seed yield and root structure and distribution characteristics of winter wheat. A2W4 can be used as a water-saving and stable-yield-cultivation model for winter wheat, which has moderate root growth and dis-attribution in the middle layer and a large number of roots in the surface and bottom layers. In this growing regime, the peak of deep root growth occurred later and the decay following the peak was delayed. By leveraging this root distribution characteristic, it is possible to effectively increase the water consumption of the middle and lower soil layers, maintaining a large amount of root biomass in the late reproductive stage, realizing the water demand during the filling period, and improving the water-use efficiency; thus, dry matter production and seed yield can be promoted. In summary, the proportion of deep roots has an effect on wheat grain yield potential. Improvement of deep soil root distribution and uptake capacity during cultivation can help to achieve high yields and make the most of the water used.







Author Contributions


Writing—original draft preparation, Z.W.; writing—review and editing, B.Z., J.Z. and S.S.; visualization, J.L. and S.L.; project administration, J.Z. and S.S.; funding acquisition, J.Z. and S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Autonomous Region’s Major Science and Technology Special Project “Research on Key Technologies for Efficient Water Use in Modern Agriculture in Arid Oases—Research on High-Yield and Efficient Water Use Technologies for Crops in Modern Irrigation Areas” (2022A02003-6).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to restrictions privacy.




Acknowledgments


The authors extend their appreciation to the Researchers Supporting Project number (RSP2024R98), King Saud University, Riyadh, Saudi Arabia, for financial support. The authors would like to thank Xinjiang Agricultural University for their valuable contributions to the investment in projects. We are grateful for the technical assistance provided by Shubing Shi and Jinshan Zhang, Bo Zhang, Jiahao Li, Shihao Lian, Xinjiang Agricultural University, China. Special thanks are due to [Name Yajun Hu/Bo Zhang/Yonghong Jia/Wenqiang Tian/Shihao Lian/Jiahao Li/Yiyang Li/] for their help in [data collation/article revision/experimental planning and investigation/validation/experimental investigation/review and revision/research objectives development, conceptualization and design]. The authors also appreciate the editorial assistance of [Hu Yajun, Hunan Agricultural University] in revising the structure and content of this manuscript.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Cui, L.; Ren, Y.; Murray, T.D.; Yan, W.; Guo, Q.; Niu, Y.; Sun, Y.; Li, H. Development of Perennial Wheat Through Hybridization Between Wheat and Wheatgrasses: A Review. Engineering 2018, 4, 507–513. [Google Scholar] [CrossRef]

	



Li, C.; Li, L.; Reynolds, M.P.; Wang, J.; Chang, X.; Mao, X.; Jing, R. Recognizing the hidden half in wheat: Root system attributes associated with drought tolerance. J. Exp. Bot. 2021, 72, 5117–5133. [Google Scholar] [CrossRef] [PubMed]

	



Hao, R.X.; Sun, M.; Ren, A.X.; Lin, W.; Wang, P.R.; Han, X.Y.; Wang, Q.; Gao, Z.Q. Relationship between water utilization and dry matter accumulation, quality and regulation of sowing density in wide strip sown winter wheat. J. Crop. 2022, 38, 119–126. [Google Scholar]

	



Zhao, X.L.; Xing, J.G.; Xue, L.H.; Sun, S.R.; Zhang, J.X.; Mao, Z.M. Effects of sowing pattern on dry matter accumulation, yield and water use efficiency of wheat in Xinjiang. J. Wheat Crop. 2024, 44, 639–647. [Google Scholar]

	



Singh, Y.; Rao, S.S.; Regar, P.L. Deficit irrigation and nitrogen effects on seed cotton yield, water productivity and yield response factor in shallow soils of semi-arid environment. Agric. Water Manag. 2010, 97, 965–970. [Google Scholar] [CrossRef]

	



Cao, Z.X.; Li, Y.; Shen, X.J.; Sun, N.; Wang, F.; Wang, X.P. Influence of different irrigation parameters on water and salt transport in agricultural fields. J. Irrig. Drain. 2020, 39, 57–62+71. [Google Scholar]

	



Li, J.; Wang, J.J.; Chen, J.M. Xinjiang water right reform experience and inspiration. China Water Resour. 2017, 13, 17–19. [Google Scholar]

	



Tao, W.H.; Deng, M.J.; Wang, Q.J.; Su, L.J.; Ma, C.K.; Ning, S.R. Connotation and path of eco-agriculture in high-quality development system of agriculture in Northwest Dry Zone. J. Agric. Eng. 2023, 39, 221–232. [Google Scholar]

	



Li, Y.X.; Fan, J.L.; Guan, X.Y.; Liu, H.; Yi, F.H. Current situation and countermeasures of agricultural water conservation development in Xinjiang irrigation area. J. Huazhong Agric. Univ. 2024, 43, 93–98. [Google Scholar]

	



Zhao, Y.; Zhao, J.B.; Fan, W.J.; Zuo, Q.; Wu, X.; Shen, J.D.; Jiang, P.A.; Shi, J.C. Optimization of water conservation and salt control in cotton fields in Xinjiang based on crop water deficit index and salt leaching coefficient. J. Agric. Eng. 2024, 40, 96–108. [Google Scholar]

	



Li, J.; Wang, Z.; Song, Y.; Li, J.; Zhang, Y. Effects of reducing nitrogen application rate under different irrigation methods on grain yield, water and nitrogen utilization in winter wheat. Agronomy 2022, 12, 1835. [Google Scholar] [CrossRef]

	



Zhao, L.; Liu, R.H.; Zhang, G.Y.; Tang, Q.Y.; Wang, Z.J.; Wei, M.; Wang, G.D.; Li, Y.X. Effects of different irrigation amounts on the photosynthetic characteristics of rice leaves and root endogenous hormones under mulching drip irrigation. China Agric. Univ. 2023, 28, 12–26. [Google Scholar]

	



Hia, E.M.; Maharjan, B.; Park, C.H.; Kim, C.S. Integration of hydroxyapatite on polydopamine-coated zinc oxide nanoparticles: Physicochemical, antibacterial and cytocompatibility study. Mater. Today Commun. 2023, 36, 106747. [Google Scholar] [CrossRef]

	



Chen, S.; Sun, H.; Shao, L.; Zhang, X. Performance of winter wheat under different irrigation regimers associated with weather conditions in the North China plain. Aust. J. Crop Sci. 2014, 8, 550–557. [Google Scholar]

	



Zhou, L.L.; Liao, S.H.; Wang, Z.M.; Wang, P.; Zhang, Y.-H.; Yan, H.-J.; Gao, Z.; Shen, S.; Liang, X.G.; Wang, J.H.; et al. A simulation of winter wheat crop responses to irrigation management using CERES-Wheat model in the North China Plain. J. Integr. Agric. 2018, 17, 1181–1193. [Google Scholar] [CrossRef]

	



Ram, H.; Dadhwal, V.; Vashist, K.K.; Kaur, H. Grain yield and water use efficiency of wheat (Triticum aestivum L.) in relation to irrigation levels and rice straw mulching in North West India. Agric. Water Manag. 2013, 128, 92–101. [Google Scholar] [CrossRef]

	



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

	



Meng, Z.J.; Jia, D.L.; Liu, A.N.; Pang, H.B.; Wang, H.Z.; Chen, J.P. Effect of regulated deficit irrigation on physiological mechanism and water use efficiency of winter wheat. Trans. CSAE 2003, 19, 66–69. [Google Scholar]

	



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

	



Sun, Y.Y. Research progress on the effect of different cultivation modes on wheat root development. Mod. Agric. Sci. Technol. 2017, 19, 4–6. [Google Scholar]

	



Hu, C.; Sadras, V.O.; Lu, G.; Zhang, R.; Yang, X.; Zhang, S. Root pruning enhances wheat yield, harvest index and water-use efficiency in semiarid area. Field Crop. Res. 2019, 230, 62–71. [Google Scholar] [CrossRef]

	



Xu, C.; Tao, H.; Tian, B.; Gao, Y.; Ren, J.; Wang, P. Limited-irrigation improves water use efficiency and soil reservoir capacity through regulating root and canopy growth of winter wheat. Field Crop. Res. 2016, 196, 268–275. [Google Scholar] [CrossRef]

	



Liu, D.; Mou, S.; Zou, Y.; Yang, B.; Ding, R.; Nie, J.; Zhang, X.; Jia, Z.; Han, Q. Exploring the relationship between deep roots and shoot growth of wheat under different soil moisture: A large soil column experiment 1. Rhizosphere 2023, 25, 100675. [Google Scholar] [CrossRef]

	



Gajri, P.R.; Prihar, S.S.; Cheema, H.S.; Kapoor, A. Irrigation and tillage effects on root development, water use and yield of wheat on coarse textured soils. Irrig. Sci. 1991, 12, 161–168. [Google Scholar] [CrossRef]

	



Hai, F.; Zhang, Y.Q.; Xie, X.R.; Lu, X.Q.; Cheng, C.X.; Xu, Q.J.; Nie, S.H.; Wang, J.C.; Lei, J.J. Effects of different drip irrigation volumes on photosynthetic characteristics and yield of drip-irrigated winter wheat under limited irrigation. Xinjiang Agric. Sci. 2024, 1–15. Available online: http://kns.cnki.net/kcms/detail/65.1097.S.20240523.0927.002.html (accessed on 21 August 2024).

	



Wu, J.; Zhang, R.; Gui, S. Modeling soil water movement with water uptake by roots. Plant Soil 1999, 215, 7–17. [Google Scholar] [CrossRef]

	



Wang, Y.H.; Wang, Y.J.; Feng, W.; Wang, C.Y.; Hu, W.L.; Xuan, H.M.; Guo, T.C. Effects of different cultivation patterns on spatial and temporal root distribution and yield of winter wheat under two climatic regimes. Chin. Agric. Sci. 2012, 45, 2826–2837. [Google Scholar]

	



Mosaddeghi, M.R.; Mahboubi, A.A.; Safadoust, A. Short-term effects of tillage and manure on some soil physical properties and maize root growth in a sandy loam soil in western Iran. Soil Tillage Res. 2009, 104, 173–179. [Google Scholar] [CrossRef]

	



Li, Q.; Dong, B.; Qiao, Y.; Liu, M.; Zhang, J. Root growth, available soil water, and water-use efficiency of winter wheat under different irrigation regimes applied at different growth stages in North China. Agric. Water Manag. 2010, 97, 1676–1682. [Google Scholar] [CrossRef]

	



Wang, C.; Liu, W.; Li, Q.; Ma, D.; Lu, H.; Feng, W.; Xue, Y.; Zhu, Y.; Guo, T. Effects of different irrigation and nitrogen regimes on root growth and its correlation with above-ground plant parts in high-yielding wheat under field conditions. Field Crop. Res. 2014, 165, 138–149. [Google Scholar] [CrossRef]

	



Guan, D.; Zhang, Y.; Al-Kaisi, M.M.; Wang, Q.; Zhang, M.; Li, Z. Tillage practices effect on root distribution and water use efficiency of winter wheat under rain-fed condition in the North China Plain. Soil Tillage Res. 2015, 146, 286–295. [Google Scholar] [CrossRef]

	



Yu, J.T.; Zhao, C.; Shuang, L.; Fan, L.J.; Song, Z.X.; Yang, S.; Zhang, X.Q.; Xia, Q.; Gao, C.; Yang, Z.P. Effect of irrigation on grain yield and nutritional quality of strong wheat. J. Wheat Crops. 2020, 40, 1514–1523. [Google Scholar]

	



He, L.Q.; Zhang, W.H.; Du, X.; Zhang, Y.S.; Wang, L.; Cao, C.Y.; Li, K.J. Subsoil mulching and appropriate irrigation to improve water utilisation in winter wheat. J. Agric. Eng. 2016, 32, 94–104. [Google Scholar]

	



Devloo-Delva, F.; Gosselin, T.; Butcher, P.A.; Grewe, P.M.; Huveneers, C.; Thomson, R.B.; Werry, J.M.; Feutry, P. An R-based tool for identifying sex-linked markers from restriction site-associated DNA sequencing with applications to elasmobranch conservation. Conserv. Genet. Resour. 2023, 16, 11–16. [Google Scholar] [CrossRef]

	



Maqbool, S.; Hassan, M.A.; Xia, X.; York, L.M.; Rasheed, A.; He, Z. Root system architecture in cereals: Progress, challenges and perspective. Plant J. 2022, 110, 23–42. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Li, L.H.; Lu, X. Effects of different irrigation rates on spatial and temporal distribution, water utilization and yield of drip-irrigated spring wheat roots. Northwest J. Agric. 2016, 25, 361–371. [Google Scholar]

	



Wang, Y.H.; Liu, H.; Xin, M.H.; Huang, Y.; Wang, Z.Z.; Wang, J.F.; Duan, J.Z.; Feng, W.; Kang, G.Z.; Guo, T.C. Effects of tillage practices and frequency of irrigation on water utilization and seed yield of winter wheat in sandy ginger and black soil. Chin. Agric. Sci. 2019, 52, 801–812. [Google Scholar]

	



Zhao, D.D.; Shen, J.Y.; Lang, K.; Liu, Q.R.; Li, Q.Q. Effects of irrigation and wide-precision planting on water use, radiation interception, and grain yield of winter wheat in the North China Plain. Agric. Water Manag. 2013, 118, 87–92. [Google Scholar]

	



Xue, L.H.; Duan, J.J.; Wang, Z.M.; Guo, Z.W.; Lu, L.Q. Effects of different water conditions on the spatial and temporal distribution of winter wheat roots, soil water utilization and yield. J. Ecol. 2010, 30, 5296–5305. [Google Scholar]

	



Sun, Q.K.; Zhang, J.X.; Zhao, L.J.; Xue, L.H.; Du, L.N. Study on water consumption characteristics and dry matter accumulation distribution of winter wheat under different drip irrigation rates. Arid. Reg. Agric. Res. 2017, 35, 66–73. [Google Scholar]

	



Xue, L.H.; Wang, Z.M.; Guo, Z.W.; Liu, Y.P.; Zhao, Z.G. Effects of different irrigation treatments on the spatial and temporal distribution of soil enzyme activities in wheat fields. J. Soil Water Conserv. 2010, 24, 228–232. [Google Scholar]

	



Zhang, Y.E.; Yang, X.; Wang, Y.; Zhou, H.M.; Du, C.Y.; He, D.X. Effects of tillage pattern and nitrogen fertilizer transport on major physicochemical properties of soil and crop yield. Arid. Reg. Agric. Res. 2018, 36, 186–193. [Google Scholar]

	



Zhang, X.; Hu, C. Root growth and distribution in relation to different water levels. In Enhancing Understanding and Quantification of Soil–Root Growth Interactions; American Society of Agronomy: Madison, WI, USA, 2013; Volume 4, pp. 45–65. Available online: https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/advagricsystmodel4.c3 (accessed on 21 August 2024).

	



Ye, H.; Roorkiwal, M.; Valliyodan, B.; Zhou, L.; Chen, P.; Varshney, R.K.; Nguyen, H.T. Genetic diversity of root system architecture in response to drought stress in grain legumes. J. Exp. Bot. 2018, 69, 3267–3277. [Google Scholar] [CrossRef] [PubMed]

	



Tennant, D.; Hall, D. Improving water use of annual crops and pastures—Limitations and opportunities in Western Australia. Aust. J. Agric. Res. 2001, 52, 171–182. [Google Scholar] [CrossRef]

	



Nakhforoosh, A.; Grausgruber, H.; Kaul, H.; Bodner, G. Wheat root diversity and root functional characterization. Plant Soil 2014, 380, 211–229. [Google Scholar] [CrossRef]

	



Ali, S.; Xu, Y.; Ahmad, I.; Jia, Q.; Ma, X.; Ullah, H.; Alam, M.; Adnan, M.; Daur, I.; Ren, X.; et al. Tillage and deficit irrigation strategies to improve winter wheat production through regulating root development under simulated rainfall conditions. Agric. Water Manag. 2018, 209, 44–54. [Google Scholar] [CrossRef]

	



Meng, W.W.; Wang, D.; Yu, Z.; Shi, Y. Effects of different irrigation treatments on nitrogen uptake and partitioning and utilization efficiency of wheat by ~(15)N tracer. J. Plant Nutr. Fertil. 2011, 17, 831–837. [Google Scholar]

	



Ma, S.C.; Zhang, W.Q.; Duan, A.W. Effects of different deficit irrigation methods on yield and water use efficiency of winter wheat. J. Irrig. Drain. 2019, 38, 9–14. [Google Scholar]

	



Liao, Q.; Chebotarov, D.; Islam, M.S.; Quintana, M.R.; Natividad, M.A.; De Ocampo, M.; Beredo, J.C.; Torres, R.O.; Zhang, Z.; Song, H.; et al. Aus rice root architecture variation contributing to grain yield under drought suggests a key role of nodal root diameter class. Plant Cell Environ. 2022, 45, 854–870. [Google Scholar] [CrossRef]

	



Zhang, X.Q.; Cao, C.F.; Qiao, Y.Q.; Li, W.; Chen, H. Response of root traits and canopy photosynthesis of wheat in sand ginger black soil to different irrigation methods. Chin. Agric. Sci. 2015, 48, 1506–1517. [Google Scholar]








[image: Water 16 02678 g001] 





Figure 1. Changes of precipitation and average temperature during the wheat growth period. 
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Figure 2. Irrigation amount at different growth stages of winter wheat. The fertility stages in the Figure 2 are seedling, regeneration, jointing, botting, heading, flowering, filling, and maturity. 
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Figure 3. Effects of deficit-regulated irrigation on yield and its components in drip-irrigated winter wheat. (a) Number of spikes, (b) Number of grains per spike, (c) 1000-grain weight, and (d) grain yield. Note: * Significant at p < 0.05; ** Significant difference at p < 0.01; *** Extremely significant difference at p < 0.001. 
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Figure 4. (a) The effect of deficit-regulated irrigation on TDRW of winter wheat. (b) The effect of deficit-regulated irrigation on TRL (cm−2) of winter wheat. 
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Figure 5. (a) The effect of deficit-regulated irrigation on DRWD of winter wheat. (b) The effect of deficit-regulated irrigation on RLD of winter wheat. (c) The effect of deficit-regulated irrigation on RSA of winter wheat. (d) The effect of deficit-regulated irrigation on RVD of winter wheat. 
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Figure 6. (a) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the rising period. (b) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the jointing stage. (c) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the botting stage. (d) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the heading stage. (e) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the flowering stage. (f) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the grain-filling stage. The 12 treatments in the figure correspond to 12 colors, with the width of each color corresponding to its root parameter value. 






Figure 6. (a) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the rising period. (b) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the jointing stage. (c) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the botting stage. (d) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the heading stage. (e) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the flowering stage. (f) The effect of deficit-regulated irrigation on morphological changes in the root system of winter wheat at the grain-filling stage. The 12 treatments in the figure correspond to 12 colors, with the width of each color corresponding to its root parameter value.
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Figure 7. Analysis of correlations between root-growth parameters and yield in drip-irrigated winter wheat. ** Significant difference at p < 0.01. 
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Figure 8. Mechanistic response of root and plant growth and development of drip-irrigated winter wheat to deficit-regulated irrigation. 
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Table 1. Bulk density of the soil and capacity in the 0–80 cm soil layers of the experiment field.
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Soil Layer (cm)

	
2023–2024




	
Capacity (g cm−3)

	
Field Water-Holding Capacity (%)






	
0–20

	
1.54

	
25.45




	
20–40

	
157

	
24.30




	
40–60

	
1.58

	
25.22




	
60–80

	
1.56

	
24.34











 





Table 2. Effect of deficit-regulated irrigation on total water consumption at different fertility stages of wheat.
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Varieties

	
Treatment

	
Total Water Consumption (g m−2)




	
Rising

	
Jointing

	
Botting

	
Heading

	
Flowering

	
Filling






	
A1

	
W1

	
56.49 a

	
66.62 a

	
57.06 a

	
43.77 a

	
30.99 a

	
66.91 a




	
W2

	
64.50 b

	
69.63 b

	
62.30 b

	
71.04 b

	
34.74 b

	
70.65 b




	
W3

	
67.64 c

	
75.91 c

	
69.35 c

	
81.55 c

	
41.94 c

	
147.28 c




	
W4

	
70.05 d

	
82.78 d

	
74.42 d

	
94.54 d

	
61.57 d

	
92.00 d




	
W5

	
69.42 e

	
89.52 e

	
83.43 e

	
110.42 e

	
92.11 e

	
96.88 e




	
CK

	
66.42 f

	
85.85 f

	
99.48 f

	
137.05 f

	
124.75 f

	
104.86 f




	
A2

	
W1

	
60.30 a

	
52.00 a

	
45.77 a

	
69.94 a

	
21.72 a

	
60.64 a




	
W2

	
71.76 b

	
64.16 b

	
49.12 b

	
76.50 b

	
30.73 b

	
72.79 b




	
W3

	
76.00 c

	
73.64 c

	
59.24 c

	
92.14 c

	
53.42 c

	
86.91 c




	
W4

	
77.85 d

	
78.82 d

	
65.05 d

	
102.09 d

	
65.01 d

	
99.20 d




	
W5

	
81.52 e

	
86.20 e

	
76.00 e

	
105.31 e

	
82.04 e

	
103.15 e




	
CK

	
85.62 f

	
75.66 f

	
94.98 f

	
92.59 f

	
105.21 f

	
70.24 f




	
Significance level




	
A

	

	
***

	
***

	
***

	
***

	
***

	
***




	
W

	

	
***

	
***

	
***

	
***

	
***

	
***




	
A × W

	

	
***

	
***

	
***

	
***

	
***

	
***








Note: Different lower case letters in the same column indicate significant (p < 0.05) differences between treatments with different tillage practices or different irrigation rates for the same tillage practices. Same as below. *** Extremely significant difference at p < 0.001. The same below.













 





Table 3. Effect of deficit-regulated irrigation on water-use efficiency at different fertility stages of wheat.
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Varieties

	
Treatment

	
WUE (kg ha−1 mm−2)




	
Rising

	
Jointing

	
Botting

	
Heading

	
Flowering

	
Filling






	
A1

	
W1

	
73.46 a

	
62.29 a

	
72.73 a

	
94.81 a

	
133.89 a

	
62.02 a




	
W2

	
69.77 b

	
64.63 b

	
72.23 b

	
63.34 b

	
129.54 b

	
63.70 b




	
W3

	
76.88 c

	
68.51 c

	
74.98 c

	
63.76 c

	
123.99 c

	
35.31 c




	
W4

	
81.37 d

	
68.86 d

	
76.59 d

	
60.29 d

	
92.58 d

	
61.96 d




	
W5

	
102.28 e

	
79.31 e

	
85.11 e

	
64.30 e

	
77.09 e

	
73.29 e




	
CK

	
93.34 f

	
72.22 f

	
62.32 f

	
45.24 f

	
49.70 f

	
59.13 f




	
A2

	
W1

	
83.76 a

	
97.12 a

	
110.33 a

	
72.20 a

	
232.56 a

	
83.27 a




	
W2

	
72.47 b

	
81.05 b

	
105.86 b

	
67.98 b

	
169.19 b

	
71.44 b




	
W3

	
71.05 c

	
73.33 c

	
91.15 c

	
58.61 c

	
101.09 c

	
62.13 c




	
W4

	
84.14 d

	
83.10 d

	
100.70 d

	
64.16 d

	
100.76 d

	
66.03 d




	
W5

	
64.41 e

	
60.91 e

	
69.076 e

	
49.85 e

	
63.99 e

	
50.90 e




	
CK

	
56.64 f

	
64.10 f

	
51.06 f

	
52.38 f

	
46.10 f

	
69.05 f




	
Significance level




	
A

	

	
***

	
***

	
***

	
***

	
***

	
***




	
W

	

	
***

	
***

	
***

	
***

	
***

	
***




	
A × W

	

	
***

	
***

	
***

	
***

	
***

	
***








Note: *** Extremely significant difference at p < 0.001. The same below.













 





Table 4. Effects of deficit-regulated irrigation on the TRSA of winter wheat.
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Varieties

	
Treatment

	
TRSA (×103 m2 ha−1)




	
Rising

	
Jointing

	
Botting

	
Heading

	
Flowering

	
Filling






	
A1

	
W1

	
7.54 a

	
21.70 a

	
5.09 a

	
6.81 a

	
2.76 a

	
6.29 a




	
W2

	
9.33 b

	
23.29 b

	
5.22 b

	
8.74 b

	
4.91 b

	
7.75 b




	
W3

	
9.79 c

	
24.51 c

	
5.55 c

	
8.68 c

	
7.35 c

	
7.51 c




	
W4

	
9.11 d

	
30.54 d

	
8.12 d

	
11.32 d

	
26.03 d

	
9.13 d




	
W5

	
20.34 e

	
42.34 e

	
15.09 e

	
21.16 e

	
25.32 e

	
21.87 e




	
CK

	
14.00 f

	
27.50 f

	
12.81 f

	
15.45 f

	
10.53 f

	
14.95 f




	
A2

	
W1

	
13.10 a

	
34.53 a

	
7.45 a

	
9.21 a

	
9.19 a

	
10.24 a




	

	
W2

	
12.55 b

	
29.11 b

	
8.24 b

	
10.61 b

	
8.96 b

	
10.93 b




	

	
W3

	
14.22 c

	
31.78 c

	
8.25 c

	
11.20 c

	
7.80 c

	
10.64 c




	

	
W4

	
21.33 d

	
47.22 d

	
13.62 d

	
15.32 d

	
11.95 d

	
18.37 d




	

	
W5

	
14.01 e

	
30.19 e

	
11.51 e

	
8.92 e

	
7.58 e

	
11.70 e




	

	
CK

	
11.73 f

	
22.16 f

	
8.71 f

	
7.96 f

	
7.32 f

	
10.26 f




	
Significance level




	
A

	

	
***

	
***

	
***

	
***

	
***

	
***




	
W

	

	
***

	
***

	
***

	
***

	
***

	
***




	
A × W

	

	
***

	
***

	
***

	
***

	
***

	
***








Note: Different lower case letters in the same column indicate significant (p < 0.05) differences between treatments with different tillage practices or different irrigation rates for the same tillage practices. Same as below. *** Extremely significant difference at p < 0.001. The same below.













 





Table 5. Effects of deficit-regulated irrigation on the TRV of winter wheat.
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Varieties

	
Treatment

	
TRV (m3 ha−1)




	
Rising

	
Jointing

	
Botting

	
Heading

	
Flowering

	
Filling






	
A1

	
W1

	
1.32 a

	
21.70 a

	
5.09 a

	
6.81 a

	
2.76 a

	
6.29 a




	
W2

	
1.97 b

	
23.29 b

	
5.22 b

	
8.74 b

	
4.91 b

	
7.75 b




	
W3

	
2.21 c

	
24.51 c

	
5.55 c

	
8.68 c

	
7.35 c

	
7.51 c




	
W4

	
2.14 d

	
30.54 d

	
8.12 d

	
11.32 d

	
26.03 d

	
9.13 d




	
W5

	
5.37 e

	
42.34 e

	
15.09 e

	
21.16 e

	
25.32 e

	
21.87 e




	
CK

	
3.53 f

	
27.50 f

	
12.81 f

	
15.45 f

	
10.53 f

	
14.95 f




	
A2

	
W1

	
2.27 a

	
34.53 a

	
7.45 a

	
9.21 a

	
9.19 a

	
10.24 a




	
W2

	
2.09 b

	
29.11 b

	
8.24 b

	
10.61 b

	
8.96 b

	
10.93 b




	
W3

	
2.93 c

	
31.78 c

	
8.25 c

	
11.20 c

	
7.80 c

	
10.64 c




	
W4

	
4.16 d

	
47.22 d

	
13.62 d

	
15.32 d

	
11.95 d

	
18.37 d




	
W5

	
3.34 e

	
30.19 e

	
11.51 e

	
8.92 e

	
7.58 e

	
11.70 e




	
CK

	
2.69 f

	
22.16 f

	
8.71 f

	
7.96 f

	
7.32 f

	
10.26 f




	
Significance level




	
A

	

	
***

	
***

	
***

	
***

	
***

	
***




	
W

	

	
***

	
***

	
***

	
***

	
***

	
***




	
A × W

	

	
***

	
***

	
***

	
***

	
***

	
***








Note: Different lower case letters in the same column indicate significant (p < 0.05) differences between treatments with different tillage practices or different irrigation rates for the same tillage practices. Same as below. *** Extremely significant difference at p < 0.001. The same below.
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