

  sustainability-11-04564




sustainability-11-04564







Sustainability 2019, 11(17), 4564; doi:10.3390/su11174564




Article



Sustaining Yield of Winter Wheat under Alternate Irrigation Using Saline Water at Different Growth Stages: A Case Study in the North China Plain



Rajesh Kumar Soothar 1,2, Wenying Zhang 3, Binhui Liu 3, Moussa Tankari 1, Chao Wang 1, Li Li 1, Huanli Xing 1, Daozhi Gong 1 and Yaosheng Wang 1,*





1



State Engineering Laboratory of Efficient Water Use of Crops and Disaster Loss Mitigation of China/Key Laboratory of Dryland Agriculture, Ministry of Agriculture and Rural Affairs of China, Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences (CAAS), Beijing 100081, China






2



Department of Irrigation and Drainage, Sindh Agriculture University, Tandojam 70060, Pakistan






3



Institute of Dryland Farming, Hebei Academy of Agriculture and Forestry Sciences, Hengshui 053000, China









*



Correspondence: wangyaosheng@caas.cn; Tel.: +86-10-82106794







Received: 16 July 2019 / Accepted: 15 August 2019 / Published: 22 August 2019



Abstract

:

Brackish water used for irrigation can restrict crop growth and lead to environmental problems. The alternate irrigation with saline water at different growth stages is still not well understood. Therefore, field trials were conducted during 2015–2018 in the NCP to investigate whether alternate irrigation is practicable for winter wheat production. The treatments comprised rain-fed cultivation (NI), fresh and saline water irrigation (FS), saline and fresh water irrigation (SF), saline water irrigation (SS) and fresh water irrigation (FF). The results showed that the grain yield was increased by 20% under SF and FS treatments compared to NI, while a minor decrease of 2% in grain yield was observed compared with FF treatment. The increased soil salinity and risk of long-term salt accumulation in the soil due to alternate irrigation during peak dry periods was insignificant due to leaching of salts from crop root zone during monsoon season. Although Na+ concentration in the leaves increased with saline irrigation, resulting in significantly lower K+:Na+ ratio in the leaves, the Na+ and K+ concentrations in the roots and grains were not affected. In conclusion, the alternate irrigation for winter wheat is a most promising option to harvest more yield and save fresh water resources.
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1. Introduction


Groundwater poses a continuous threat to sustainable development of irrigated agriculture in the North China Plain (NCP). This plain generates about one-third of the country’s gross domestic product (GDP) in agriculture, and limited quantities of fresh water contribute a significant share in agricultural production [1,2], thus there is an urgent need to use this water resource more judiciously. Saline water irrigation is increasingly used, though such irrigation water is one of the major sources of soil salinity, which can result in crop yield reduction and loss of soil resources [3,4,5,6,7]. Wang et al. [8] reported that various irrigation modes of saline and fresh water could be altered to grow sensitive and salt tolerant crops. Therefore, not only the management and efficient use of limited fresh water resources is essential, but also discrete or alternate use of brackish water towards agricultural development is necessary for agricultural sustainability [1,8,9,10,11].



Previous studies have reported that the saline/salty water can be effectively used to irrigate several crop species [12,13,14,15,16,17]. The continuous use of saline water for irrigation leads to long-term environmental problems, such as soil salinization. In a study, Fang and Chen [18] noted that there is potential for high desalinization of upper soil layers if more than 300 mm rainfall occurs during monsoon months, but there is a significantly low chance of soil desalinization in the years with less rainfall occurring during monsoon months. According to Romy [19], in the regions situated in littoral and semi-arid climatic areas, the annual rainfall ranges between 400–600 mm, and mostly occurs during summer season (which spans from mid-June to September), while, for the rest of period, a somewhat arid climate persists [1,20,21]. Kiani and Mirlatifi [22] have recommended the use of saline water for cultivation during the dry period. According to them, the salt build-up in soil profile during saline irrigation can be leached during the monsoon season under semi-arid climate. Kafi et al. [23], Naresh et al. [24], Malash et al. [25] and Hassanli and Ebrahimian [15], however, suggested that to counter-down the effect of saline water irrigation on crop yield and salt accumulation in soil profile, irrigation strategies should be adopted. The available strategies including the alternate use of saline to fresh waters are recommended to reduce salinity build-up in the soil. Although the indirect evidence favors alternate use of saline water [26], the alternate saline and fresh water irrigation strategies at different growth stages still needs further investigation such as in the North China Plain (NCP).



Saline water can restrict physiological activities of crops and decrease biomass growth, fertile tillers and root development [27,28]. Under high ionic concentration, leaf area expansion is affected by water deficiency and nutritional imbalance, especially leading to K+ deficiency in plant organs. It was reported that winter wheat is able to reduce Na+ concentration while increase K+ concentration and K+:Na+ ratio [29,30]. Oxidative stress and primary carbon metabolism of many crops are negatively affected due to osmotic effects [31]. Similarly, due to high osmotic pressures, crop growth parameters are affected. These pressures restrict uptake of water by the roots that in turn are a major contributing factor to low crop water productivity and yields [32,33,34]. Previous studies investigated continuous or alternate irrigation with varied saline water concentrations to maize and lower potentially toxic ion accumulation and improvement in K+ and Na+ balance in plant shoots were found [35]. Grattan and Rhoades [36] observed that the cyclic use of saline and non-saline water reduced soil salinity especially in the upper soil layers up to 30 cm depth. Therefore, the conjunctive use of irrigation water may not only increase crop production but also reduce risks of soil salinization in the NCP to achieve the maximum yield per drop of saline water.



Winter wheat (Tritium aestivum L.) is a worldwide important grain crop. China is one of the most significant wheat-producing countries in the world and more than 75% of the winter wheat is produced in the NCP [37,38]. Winter wheat and summer maize are dominant sequences of the cropping system in the NCP. Liu et al. [1] noted that the double cropping system requires significantly more water than that received from natural precipitation. Due to this fact, winter wheat requires additional irrigation water during peak dry months. Zheng et al. [39] and Hu et al. [40] reported that more than 50% of the area in the NCP is irrigated with groundwater. The continuous and over-pumping of groundwater for irrigation is not only the direct cause of a decline in water table and seawater intrusion in the aquifers [41,42,43,44], but also positively affecting hydrological water cycle and regional climate [45]. However, as a general trend, lift irrigation operated by mechanical energy and excessive exploitation of groundwater will increase electricity consumption, thus increase carbon emissions, which will not only change global climate but also at the same time will have a massive impact on global economy [46,47].



Even though the impact of saline water irrigation on plant vegetative growth, grain yield, biomass, ionic concentration as well as soil salinity profile under salinity stress have been reported, the fundamental understanding of enhanced crop yield and the alternate use of saline and fresh water at different growth stages are still poorly understood. Therefore, the effect of alternate saline water irrigation at the peak dry season in winter wheat is evaluated in the NCP. Wheat is classified as a moderately tolerant crop to salinity [48]. The generally three growing phases are relevant for determination of grain yield of winter wheat. The jointing phase of winter wheat is more water sensitive compared to other phases [49,50,51], as it is more salt tolerant than other phases. The main aim of this study was to examine the yield responses of winter wheat subjected to different irrigation modes of alternate use of saline and fresh water and to explore the tangible irrigation scheduling for winter wheat production using underground saline water during different growth stages of winter wheat in the county of NCP.




2. Materials and Methods


2.1. Experimental Site


The field trial was conducted during the winter wheat growing seasons from 2015–2018 at the experimental station of Institute of Dryland Farming, Hebei Academy of Agriculture and Forestry Sciences (Latitude: 37°54′ N; Longitude: 115°42′ E) in the NCP. The experimental site falls in a typical continental monsoon climate zone with a mean annual temperature of 12.8 °C, average annual sunshine of 2600 h and average 188 days of frost-free period. The mean precipitation during the winter wheat growth season varied between 120 and 160 mm. The minimum and maximum air temperatures and average monthly rainfall are presented in Figure 1. It was noted in the figure that large amount of rainfall occurred after the harvest of winter wheat. The soil was classified as silt loam (the detailed soil textural classes measured by Mastersizer particles analyzer (model 2000, Malvern Instruments Ltd., Worcestershire, UK) in the soil profile were presented in Table 1) with a pH of 8.1, soil organic matter of 1.1%, soil electrical conductivity (EC1:5) of 365 µS cm−1, soil bulk density of 1.2 to 1.5 g cm−3 and field water holding capacity of 42.9% in the root zone. During the experimental period, the soil was well-drained and the water table remained always below 40 m.




2.2. Experimental Treatments


The treatments included (1) no irrigation water applied during the whole growth period (NI); (2) freshwater applied at stem elongation stage and saline water at flowering stage (FS); (3) saline water applied at stem elongation stage and fresh water at flowering stage (SF); (4) saline water applied at stem elongation stage and flowering stage (SS), and (5) fresh water applied at stem elongation stage and flowering stage of winter wheat (FF). The NI, FS and SF treatments were deployed during the growing seasons of 2015–17, while all five treatments were adopted during the growing season of 2017–18. Winter wheat (Triticum aestivum L., var. Heng0628) was sown around 15th October in 2015, 2016 and 2017, and harvested on around 10th June in 2016, 2017 and 2018. The fresh water for irrigation was received from a local deep groundwater having averaged electrical conductivity of 0.39 dS m−1. The saline water for irrigation at 4.7 dS m−1 representing the saline water concentration in most of the shallow groundwater in the NCP was used and the water quality is shown in Table 2 (elements measured by AAS, Perkin-Elmer 3300, Norwalk, CT, USA). The treatments in the field were set in a completely randomized design (CRD) with three replicates for each treatment. The plot size for each replicate was 10 m by 7.5 m. A separate 20 m wide buffer zone was provided around the irrigated plots with the non-irrigated winter wheat to protect from reciprocal effects of adjacent plots. The plots in the treatments were irrigated twice in accordance with local farmer’s management. For each irrigation event, the water dose for all the treatment plots was 900 m3 per hectare according to the locally recommended amount of irrigation water for winter wheat in the NCP. A socking doze of 97 mm of fresh water was applied to entire field for land preparation. The fertilizers of N, P and K as compound fertilizer (N:P:K = 20:20:8) were uniformly applied at the rate of 375 kg ha−1 before the field was ploughed. Apart from the irrigation practices, other cultural management practices were the same for all the treatments according to the recommendations of on farm’s guidelines.




2.3. Sampling, Measurements and Analyses


Soil samples were collected at a 20 cm interval down to 100 cm soil depth at different growth stages and also before sowing and after harvesting from five locations in the middle of each replicate plot. Soil moisture contents were measured using the gravimetric method. The soil samples were air-dried and sieved passing through a 2 mm sieve. Soil electrical conductivity and pH (1:5 soil water ratio) were measured by an EC meter (model LE703, Mettler Toledo International Inc., Shanghai, China) and a pH meter (model LE43, Mettler Toledo International Inc., Shanghai, China), respectively. Meteorological parameters including precipitation, air temperature, relative humidity, solar radiation and wind speed were recorded by automatic weather station at the experimental facility. Plant height and dry biomass was determined regularly during the experimental period. At the physiological maturity, in an area of 2 by 2 m in the middle of each replicate plot, the plants were harvested manually and divided into leaves, stems, roots and grains. The tiller number, spike length, spikelet number, grain number and grain weight per spike, 1000-grain weight, biomass and grain yield were recorded. The dry biomass was determined after oven drying at 70 °C to constant weight. The dry leaves, stems, roots and grains were ground, and digested by HNO3. The concentrations of Na+ and K+ were measured by an atomic absorption spectrometer (ICE3500, Thermo Fisher Scientific Inc., Waltham, MA, USA). The relative growth rate (RGR) was measured as the mass increase per above-ground biomass per day from 178 day after sowing to crop maturity [52]. The Crop Harvest Index was computed through the grain yield divided by the crop biomass, and specifically for grain crops it can be used as a measure of reproductive efficiency [53]. The total water used during the experimental period was calculated by irrigation water, rainfall and soil moisture depletion in each treatment. Crop water productivity was calculated by crop yield divided by the total water consumed. The volume of irrigation water applied, soil moisture deficit from initial to final growth stage and rainfall readings during the experimental period are presented in Table 3.




2.4. Statistical Analysis


The data were analyzed by analysis of variance (ANOVA) using SPSS program version 21.0 (IBM Corporation, New York, NY, USA). Duncan’s multiple range test was performed to assess the differences between treatments at a significant level of p ≤ 0.05.





3. Results


3.1. Soil Water Content and Water Consumptions


In general, soil moisture content in the NI treatment was the lowest compared with the other treatments while irrigation increased soil moisture contents regardless of irrigation water quality during the entire growth period (Figure 2). In addition, the soil-water deficit and total amount of water consumed by plants during the experimental periods were significantly different between NI and other irrigated treatments (Table 3). However, under the irrigated treatments, these differences were not statistically significant. The highest amount of water consumed was found in SF treatment, and closely followed by FS treatment and FF treatments.




3.2. Soil pH and Salinity Development in the Crop Root Zone


Before the experiment, the profile of soil pH among the treatment plots during the study periods are illustrated in Figure 3. At sowing time, average soil pH was about 8.2 during 2015–16. Similarly, comparatively equivalent soil pH around 8.2 was observed during 2016–17. Nonetheless, the averaged soil pH decreased to around 7.8 under all the treatments in 2017–18, and higher variability in soil pH was observed. At the time of crop harvesting, soil pH decreased by 1% to 2% in the plots of NI, FS and SF treatments during 2015–16. It increased by 2.3% in NI treatment while it decreased by 0.7% and 2.1% in FS and SF treatment in 2016–17, respectively. In 2017–18, results showed that soil pH increased by 2.2% to 4.4% compared to the soil pH values observed before sowing.



The salt build-up in the root zone by the alternate irrigation during the winter wheat cultivation is depicted in Figure 4. At sowing time, average soil EC1:5 in the crop root zone (0–100 cm) were 334, 322 and 454 µS cm−1 for the NI, FS and SF treatments during 2015–16, respectively. In 2016–17, soil EC1:5 were 405, 363 and 361 µS cm−1 in these treatments, respectively. Nevertheless, soil EC1:5 decreased on average being 286, 269, 283, 356 and 269 µS cm−1 for NI, FS, SF, SS and FF treatments, respectively, for pre-irrigation. Major salinity build-up, as indicated by the increases in EC1:5 with irrigation to winter wheat, occurred at the upper soil layers of the profile. However, after harvest, the average soil EC1:5 in the root zone with plots under NI, FS and SF treatments increased by 67.8%, 57.0% and 12.2% in 2015–16, respectively. Similarly, soil EC1:5 increased by 4.0% in NI and decreased by 1.1% and 1.3% in FS and SF treatments in 2016–17, respectively. In 2017–18, the plots under NI and FF treatments showed a 22.3% and 7.8% reduction, whereas, the values for plots irrigated with FS, SF and SS increased by 13.0%, 21.6% and 22%, respectively. There was a cumulative increase in soil EC1:5 with the subsequent years of the alternate irrigation using saline and fresh water as well as under NI treatment.




3.3. Plant Growth and Yield


Table 4 showed that the variations in plant height were significantly affected by the treatments. Winter wheat irrigated with fresh water at the stem elongation growth stage had the highest plant height after 178 days of sowing. Similarly, the number of tillers significantly increased in the FS treatment compared to other treatments (Table 4). Moreover, spike length responded significantly to the alternate use of saline and fresh water. FS treatment provided the largest spike length. In comparison, the spike length decreased by more than 5% in NI, SF, SS and FF treatments. Similarly, the highest and lowest numbers of spikelet were found in FF and SS treatment, respectively. On average, the number of spikelet decreased by 0.7%, 2.2%, 2.6% and 7.0% under NI, FS, SF and SS treatments, respectively, compared to the FF treatment (Table 4).



Grain number per spike was not affected by the treatments (Table 5). However, the grain weight per spike was significantly affected by the saline irrigation applied at the flowering stage. The mean grain weight per spike decreased by 4%, 12%, 2% and 15% under NI, FS, SF and SS, respectively, compared to FF (Table 4). Similarly, the 1000-grain weight of winter wheat was negatively affected and it decreased by 2%, 13% and 15% in the NI, FS and SS, respectively, compared to FF treatment. Likewise, the highest RGR was observed under irrigation with fresh water, while the significantly lowest RGR was found under SS treatment (Table 5).



Alternate saline and fresh water irrigation applied to crop significantly influenced above-ground dry biomass among the treatments during the entire experimental periods (Figure 5). The fresh water irrigation at the stem elongation growth stage increased dry biomass compared to saline water irrigation. Dry biomass of crop did not follow the same pattern under NI due to lower amount of rainfall occurred in 2015–16.



Grain yield differed significantly among the treatments (Figure 6). The grain yield decreased by 20% under NI treatment compared to FF treatment. Similarly, a significant decrease of 22% was observed in the SS treatment compared to FF treatment. Nevertheless, the grain yield was not significantly declined when saline water applied at the stem elongation stage and fresh water at the flowering stage were adopted during peak dry season in the NCP compared with the FF treatment. The crop harvest index (CHI) was similar among the treatments during 2015–16 and 2016–17 (Table 6). However, there were significant differences in CHI among the treatments during 2017–18. The CHI decreased by 20% under FF treatment compared to SF treatment. However, small variations in CHI were observed when the crop was alternately irrigated by saline and fresh water.




3.4. Na+, K+ Concentrations and K+:Na+ Ratio


The Na+ and K+ concentrations in the leaves and stems were significantly affected by the treatments. Na+ concentration in the leaves and stems was the highest in the FS and SS treatments compared to other treatments (Figure 7a). However, K+ concentration was the highest in the SF treatment compared to other treatments (Figure 7b). Use of saline water during the irrigation modes under the SF, FS and SS treatments significantly decreased the K+:Na+ ratio compared with NI and FF treatments (Figure 7c). The Na+ and K+ concentrations and the K+:Na+ ratio in the roots and grains as well as the K+:Na+ ratios in the stem were not significantly affected by the treatments.




3.5. Water Productivity of Winter Wheat


The crop water productivity (CWP) was significantly affected by the treatments during the study periods (Table 6). Throughout the experimental period, the highest CWP was observed under the NI treatment. Significant differences were found under FS and SF treatments during 2015–16 and 2016–17 followed by the NI treatment. A significant reduction of CWP was observed under SS treatment, and the CWP under SS treatment was 19.8% lower than the FF treatment. The corresponding reduction in CWP under FS and SF treatments was 11.3% and 4.2% while it increased by 35.6% under NI treatment. However, the comparison between irrigation water productivity (IWP) for the three years revealed that the highest IWP was produced under FS treatment compared to SF treatment in 2015–16 and 2016–17. Nevertheless, during 2017–18, IWP deceased by 11%, 3% and 22% under FS, SF and SS treatment, respectively, compared to FF treatments.





4. Discussion


A huge potential of water available in upper aquifers of NCP is characterized by brackish water at around 4.7 dS m−1 [54]. Utilization of this water for winter crops is important to cope up with the current tight water situation [23,55,56,57]. The NCP illustrates the challenges facing China as it deals with increased water demands and severe ground depletion [41]. The mean water table is declining by 0.5 to 3 m year−1 [58]. In order to address water issues, Yuan, et al. [42] suggested that the irrigation water requirement, groundwater pumping and depth, and crop yield in the region should be corrected.



Furthermore, the agricultural production per year is continually decreasing due to drought and fresh water shortage caused by other factors than the sum of the losses [1]. In this context, the alternate use of saline and fresh water can be an alternative to increase crop productivity and simultaneously reduce the pressure on fresh water [8,15,59]. In order to minimize the potentially hazardous effects of saline water on crop yield, farmers in the regions have not been able to adopt alternate saline and fresh water irrigation strategies. Thus, it is an urgent need to thoroughly evaluate the irrigation practices that can better perform for winter crops without affecting crop growth and yield. Therefore, in this study, the main aim was to investigate whether alternate saline and fresh water irrigation can sustain the yield without causing salinity accumulation in the soil. Use of saline and fresh water, particularly at stem elongation and the flowering stage of wheat, needs to be further understood.



The results of the study showed that effects of the alternate irrigation using saline water were predominated in this experiment. The soil pH and EC1:5 were significantly different among treatments during entire periods (Figure 3 and Figure 4) when irrigation water was applied at different growth stages. During the peak dry months of winter season, soil electrical conductivity (EC1:5) were significantly increased while decreased during the winter months. These results indicated that the average soil salinity in the root zone could be balanced annually. Winter wheat was able to utilize saline water during dry season (from March to mid-June). In the NCP, corresponding to about 70% of the annual rainfall occurs during summer season after the harvest of wheat, thus the salts accumulated in crop root zone leached. Similar results were reported by Sharma et al. [60,61], and they observed that in the monsoon climate areas characterized by a mean annual rainfall 500 mm or more, about 80% of the salts accumulated by irrigation application during winter wheat season is leached without any irrigation practices. However, the use of saline water for irrigation decreases water loss from the root zone (Table 3). It slows down the deep percolation and evapotranspiration, thus soil water content under this condition minimally declines (Figure 2). These results were in agreement with previous findings of Malash et al. [12,25], who observed that the field irrigated with fresh water had reached 70% soil moisture depletion and soil water content was depleted quickly. On the other hand, the fields that received saline water still had a soil water content greater than 70%, and so were irrigated a few days later. Total water consumptive values were lower when saline water was used (3390 m3 ha−1 for 2017–18), which could have been attributed to less evapotranspiration rate with saline water irrigation compared to threshold water quality for irrigation [62]. These results are also supported in previous studies carried out by Hassanli and Ebrahimian [15], Naresh, et al. [24], Chauhan et al. [63]. According to them, those options for the alternate use of saline underground and fresh water should hold greater assurance that produces higher grain yield of wheat for the similar salt load to soils.



Focusing on the application of alternate saline water at different growth stages, the results of the present study indicated positive influence of irrigation with different water qualities on plant height and dry biomass of winter wheat was more pronounced in stem elongation and flowering stages as compared to SS treatment. While at the flowering stage, growth parameters of winter wheat were slightly affected [1,24,63,64]. Nonetheless, when irrigated with fresh water at the stem elongation stage, higher plant height considerably produced more tillers (Table 4). Figure 5 revealed that the dry biomass was significantly increased by additional irrigation [8,22,65]. Saline water irrigation applied during the flowering stage led to significant influences on spike length, spikelet number, grain weight and RGR, whereas, grain number was not affected in the applied saline water irrigation (Table 4 and Table 5).



The alternate irrigation method using saline and fresh water significantly influenced crop yield (Figure 6). Irrigation with alternate saline and fresh water only showed mild decline of grain yield as followed by fresh water treatment (FF). Similarly, the grain yield slightly declined between FS treatment with respect to SF treatment. The successful amalgamation of alternate irrigation water in this region offers great potential of saline water resources. Irrigation with SS treatment produced the lowest crop yield compared to other treatments [3,55]. If fresh water were available during initial crop stages for the better tillering of winter wheat, the saline water irrigation can be more effectively applied at other crop development stages. The threshold salinity of irrigation water for wheat was 7~8 dS m−1 that could be used after germination [1,63]. Several researchers have also suggested the positive effects of saline irrigation on wheat production. Salinity of irrigation water between 6 to 9 dS m−1 has been suggested by Mass and Grattan [66], while water salinity ranging from 3 to 8 dS m−1 has been rated within the permissible limit and water with 4.7 dS m−1 in irrigation for winter wheat was not so high [1,65]. Moreover, previous studies reported that saline irrigation affected Na+ and K+ concentrations in plant biomass [67,68,69,70,71]. Although saline water was applied at either or during the two growth stages, and the Na+ and K+ concentrations were increased significantly compared with NI and FF treatments in the leaves, the saline irrigation did not affect Na+ and K+ concentrations as well as K+:Na+ ratios in the roots and grains.



The results revealed that the water quality affected crop harvest index when water was applied at the flowering stages (Table 6). Previous studies reported that saline water irrigation reduced water uptake efficiency, transpiration rate and net CO2 assimilation due to these reductions, and in turn crop growth and nutrients transport into plant is affected [72,73,74,75]. Similarly, Poustini [76] reported that there was no effect of water quality having an EC1:5 ranging between 3.5 and 6.9 dS m−1 on net assimilation rate. However, winter wheat could be salt tolerance to water and soil salinity up to 6 dS m−1 [77]. According to Alarcon et al. [78], the reduction in leaf area index led to a reduced light interception and thus reduced dry biomass production. Moreover, Pang et al. [79] have reported the comparisons between alternate irrigation and blended/ mixing ratio. According to the results, the alternate application of fresh and saline water increased irrigation water productivity if compared to the application of saline water during the whole season. In other comparisons, Hassanli and Ebrahimian [15], Naresh et al. [24] and Zhao et al. [26] concluded that the grain yield of winter wheat were higher with the alternate use of saline and fresh water than blended as well as saline water. Consequently, the amount of irrigation water devoted to field that received the saline water at flowering stage was less than those at fresh water and this led to the increase in crop water productivity [32].



In the NCP, the limited availability of fresh water resources and to release the pressure on fresh resources, the alternate irrigation using saline water can leave the groundwater salinity level (4.7 dS m−1) unaffected and is a promising option for the sustainable agriculture development. Proper saline water management is required besides selection of a salt tolerant variety and water application timing for saline irrigation alternated with fresh water.




5. Conclusions


Use of saline water is a productive source that ensures irrigation during peak dry season in order to harvest higher crop grain yields. In the present study, the results revealed that in the NCP where winter wheat is sown depends upon climate conditions. Alternate saline water at 4.7 dS m−1 can be applied at stem elongation stage and flowering stage (FS and SF) without any negative impact on grain yield and Na+ and K+ concentrations in the grains compared to other irrigation practices, such as FF. A good choice can be that which uses limited available fresh water applied at flowering stage on winter wheat under rain-fed cultivated area. Alternate irrigation using saline and fresh water produced up to 20% higher yield compared to NI treatment while slightly reduced grain yield by 2% when compared with FF treatment. It is therefore recommended that this irrigation strategy might enable to enhance winter wheat production and save limited available fresh water resources.
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Figure 1. Monthly air temperature (minimum, maximum and average, °C) and precipitation (mm) during the experimental periods for winter wheat. 






Figure 1. Monthly air temperature (minimum, maximum and average, °C) and precipitation (mm) during the experimental periods for winter wheat.



[image: Sustainability 11 04564 g001]







[image: Sustainability 11 04564 g002 550]





Figure 2. Effects of the alternate use of saline and fresh water on soil moisture contents (%) for the years of 2015–16 (a), 2016–17 (b) and 2017–18 (c) during winter wheat cropping seasons in the North China Plain (NCP). The dash lines indicate the application of irrigation water. 
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Figure 3. Soil pH values in the soil profile at crop sowing and harvesting in (a,d) 2015–16, (b,e) 2016–17 and (c,f) 2017–18 cropping seasons. Values are means ± standard deviation (n = 3). 
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Figure 4. Soil electrical conductivity (EC1:5) values in the soil profile at crop sowing and harvesting in (a,d) 2015–16, (b,e) 2016–17 and (c,f) 2017–18 cropping seasons. Values are means ± standard deviation (n = 3). 
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Figure 5. Changes in the above-ground dry biomass of winter wheat under the alternate use of saline and fresh water for 2015–16 (a), 2016–17 (b) and 2017–18 (c) cropping seasons. Different letters indicate significant differences among the treatments according to Duncan’s multiple range test at p ≤ 0.05 level. 
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Figure 6. Effects of alternate use of saline and fresh water on grain yield during three growing seasons of winter wheat in the NCP. Different letters indicate significant differences among the treatments according to Duncan’s multiple range test at the p ≤ 0.05 level. 
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Figure 7. Concentration of (a) potassium and (b) sodium in plant organs and (c) potassium and sodium ratio under the alternate use of saline and fresh water to winter wheat for growing season of 2017–18 in the NCP. Different letters indicate significant differences among the treatments according to Duncan’s multiple range test at p ≤ 0.05 level. ns denotes non-significant differences. 
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Table 1. Textural class of the experimental site.
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Soil Layer (cm)

	
Particle Distribution (%)




	
Clay

	
Sand

	
Silt






	
0–20

	
20.6

	
72.5

	
6.9




	
20–40

	
16.4

	
75.1

	
8.5




	
40–60

	
13.5

	
75.2

	
11.3




	
60–80

	
7.8

	
79.3

	
12.9




	
80–100

	
3.3

	
78.3

	
18.3
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Table 2. Ion compositions of irrigation water in the field experiments.
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	Characteristic
	Fresh Water
	Saline Water





	K+
	0.39
	6.32



	Na+
	7.24
	43.28



	Ca2+
	0.76
	1.29



	Mg2+
	0.55
	1.78



	SAR
	8.95
	34.93







Note: SAR = Na+/[(Ca2+ + Mg2+)/2]1/2, all ions expressed in meq. L−1.
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