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Abstract

:

Appropriate water management practices are essential for the successful cultivation of chia in water-scarce situations of semiarid regions. This is highly essential when new crops such as chia are introduced for ensuring diversity and water saving. Therefore, field trials (2020–21 and 2021–22) were conducted to understand the impact of deficit irrigation and bioregulators (BRs) on the seed yield, water productivity, and oil quality of chia. The effect of foliar application of BRs such as thiourea (TU; 400 ppm), salicylic acid (SA; 1.0 mM), potassium nitrate (KN; 0.15%), potassium silicate (KS; 100 ppm), kaolin (KO; 5%), and sodium benzoate (SB; 200 ppm) were monitored at different levels of irrigation: 100 (I100), 75 (I75), 50 (I50), and 25 (I25) percent of cumulative pan evaporation (CPE). Deficit irrigation at I25, I50, and I75 led to 55.3, 20.1, and 3.3% reductions in seed yield; 42.5, 22.5, and 4.2% in oil yield; and 58.9, 24.5, and 5.7% in omega–3 yield, respectively, relative to I100. Bioregulators could reduce the adverse impact of water deficit stress on seed, oil, and omega–3 yield. However, their beneficial effect was more conspicuous under mild water stress (I75), as revealed by higher seed yield (4.3–6.9%), oil yield (4.4–7.1%), and omega–3 yield (4.7–8.5%) over control (I100 + no BRs). Further, BRs (KN, TU, and SA) maintained oil quality in terms of linolenic acid and polyunsaturated fatty acid contents, even under mild stress (I75). Foliar application of KN, TU, and SA could save water to an extent of 36–40%. Therefore, the adverse impact of deficit irrigation on seed, oil, and omega–3 yields of chia could be minimized using BRs such as KN, TU, and SA, which can also contribute to improved water productivity.
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1. Introduction


Chia (Salvia hispanica L.) is an annual short-day plant of the Lamiaceae family, having great demand for health benefits in terms of useful nutrients and Omega–3 fatty acids. Though the plant originated in Southern Mexico and Northern Guatemala, it is now widely grown in Columbia, Peru, America, Bolivia, Argentina, Europe, Brazil, and Australia [1,2]. In southern India, the crop is grown in parts of Karnataka, Tamil Nadu, Madhya Pradesh, and Kerala states. This area expansion is attributed to the recently enhanced demand from industries, which harness the potential of chia seeds and oil for medicines and health benefits. Chia is cultivated for seeds and used as food besides its many industrial applications such as stabilizers [3], emulsifiers or binders in the food industry [4], biodegradable films [5], anticorrosive agents, cosmetics, and pharmaceuticals [6]. Chia seeds are a rich source of fixed oil, ranging from 20.3 to 38.6%, and has high linolenic acid content (55%) [7]. In addition, it has high protein content with a highly balanced proportion of essential amino acids [8]. These nutritional properties make an important raw material for developing health products such as omega-3 capsules, seed mucilage, and seed oil [9]. With the current international market for chia amounting to USD 194.1 million as reported in 2021, market insights have projected the possibilities of further expansion at least by a 6.8% cumulative growth rate, as the consumption of this crop is likely to be 80.57 m MT by 2031 (https://www.futuremarketinsights.com/reports/chia-seed-market#:~:text=%5B367%20Pages%20Report%5D%20Future%20Market,period%2C%20from%202021%20to%202031, accessed on 28 September 2022).



Under restricted access to irrigation, the effective use of available water to improve yield and water productivity is highly important in water scarcity scenarios [10,11]. Among possible options, the adoption of appropriate climate-resilient crops with relatively higher productivity under limited resource conditions could serve this purpose [12]. Interestingly, chia is drought-tolerant and can be grown in tropical-to-desert conditions [13]. However, scientific leads on the water requirement of chia and the impact of deficit irrigation on yield, quality, and water productivity are less understood. Therefore, deficit irrigation is considered the key strategy to knowing the stress tolerance and yield potential [14]. It hypothesized that chia crops can be grown in water-scarce situations, since they can extract water from deeper layers of soil under varying degrees of water deficits. Thus, understanding the effect of irrigation water levels on crop performance during the entire cropping period seems essential for planning irrigation strategies. From the limited studies carried out with chia, it is evident that deficit irrigation reduces seed yield and oil yield by 33 and 5%, respectively, when irrigation is restricted to 40% evapotranspiration (ET) [13]. In another study by De Falco et al. (2018) [15], there was an increase in oil content by 7.5% under irrigated conditions compared to the rainfed crop. Deficit irrigation induced an increase in the water use efficiency reported in other crops such as chia [13], nigella [16], wheat [17], and coriander [18] due to the effective conversion of photoassimilates to reproductive yield.



In addition to the selection of suitable crops, several studies have suggested the beneficial effect of exogenous bioregulators (BRs) and nutrient supplements in mitigating the water deficit stress under both fields and controlled conditions [19,20]. These BRs impart stress tolerance in plants through sustained physiological processes, and thereby improve plant growth, nutrient translocation, and source-to-sink transitions [21]. Among several BRs, thiourea (TU) was found to be efficient in the alleviation of drought stress in plants as it facilitated the production of osmolytes, efficient nutrient uptake, and antioxidant mechanisms [22], as reported in maize, wheat, onion, and spices under soil moisture stress [23,24]. Similarly, KNO3 is a nutrient supplement that can supply both K and N, which contribute to the efficient regulation of stomata and synthesis of photosynthetic pigments, respectively [25]. Its positive influence on growth has been reported in black gram [26] and sunflower [27]. Salicylic acid (SA) is another well-known stress signal molecule that activates the stress-responsive gene, which regulates enzymes and proteins that influence stomata closure, nutrient uptake, chlorophyll degradation, and photosynthesis [28]. Many studies in wheat, fennel, coriander, and chickpea crops demonstrated the positive effect of SA in protecting against drought-induced oxidative damage [17,29,30,31]. Kaolin is a reflective material that reduces the absorption of ultraviolet and infrared rays, and thus can maintain a cooler canopy and reduce radiation stress. The role of antitranspirants such as kaolin in imparting stress tolerance is demonstrated in wheat [32], nuts [33], and apples [34]. Thus, kaolin is a cheap and alternate option for alleviating water deficit stress in plants. Silicon is also a beneficial nutrient element for plant growth, and can enhance drought stress tolerance by maintaining plant water status, resulting in improved crop yield and quality [35]. The stress-alleviating effects of silicon under moisture deficit have been observed in a wide range of crops, including wheat [36], sunflower [37], soybean [38], and mango [39], suggesting that this beneficial nutrient can be one of the potential bioregulators.



Overall, these reports signify the beneficial role of exogenous application of BRs and nutrient supplements in imparting tolerance against water deficit stress by improving physiological processes and plant–water relations, as well as by induction of the antioxidant defense mechanism [40] and its potentiality in alleviating water stress, as demonstrated in wheat [17] and onion [41]. Despite the suitable soil and climate for chia cultivation in a large part of India, the requisite information on irrigation requirements and best agronomic practices under water scarcity is insufficient. Further, there is a lack of information on the potential benefits of bioregulator applications in chia. Hence, the study was designed to provide insights into the impact of deficit irrigation and bioregulators on seed, oil, and Omega–3 yields of chia, and to assess the potential benefit of bioregulators in improving water productivity in semiarid regions of India.




2. Results and Discussion


Crop per drop of water is the trending concept to make agriculture sustainable and profitable for farmers constrained by limited resources, climate uncertainties, and extremes. In this context, persistent efforts are being made to evolve water-saving technologies that include deficit irrigations and bioregulators that can influence the physiology of water relations in plants. Since information on these aspects of potential technologies is missing in the case of chia, the present experiment was designed based on the scientific leads that emerged In this area of crop science to answer questions such as the following: (a) What is the extent of yield losses in chia under severe water deficit conditions?; (b) What is the efficacy of potential BRs reported to be stress alleviators in other crops?; (c) What is the maximum water productivity that could be achieved without yield penalty in chia in the semiarid region of India?; (d) What is the effect of water deficit stress on oil and omega–3 contents with or without BRs under water deficit stress conditions? This section has been oriented to answer these questions based on the data generated in the present investigation and the support that could be derived from the scientific literature.



2.1. Climatic Conditions of the Study Location


All growth, yield, and quality parameters were comparatively higher during 2020–21 than in 2021–22. The varied response in seed yield was obviously due to the relatively hot and dry environment during 2020–21 (Table 1). Compared to 2021–22, the max day temperature was higher by 2.9 °C at the flowering stage, and therefore, there was higher CPE (125.3 mm) and lower relative humidity (64.9%) at the seed setting stage during 2020–21. Though the chia was sown on 13 November during both years, an additional 10.6 mm of precipitation and a higher amount of irrigation water during 2020–21 at the flowering stage might have resulted in better growth, seed set, yield, and quality of chia in all the treatments. On average, the soil moisture content ranged between 15–38% during both years (Figure 1). There was a reduction in soil moisture by 50, 34, and 17% due to irrigation levels I25, I50, and I75, respectively, compared to I100. An earlier study by Ayerza (1995) [42] and Baginsky et al. (2016) [43] showed that higher yield and oil quality were observed when chia was cultivated under dry climate when temperature ranged from 15 to 29 °C with adequate soil moisture at flowering and seed set.




2.2. Effect of Water Deficit on Seed, Oil, and Omega–3 Yield


The seed, oil, and omega–3 yields of chia were significantly influenced by irrigation regimes and BRs (Table 2). The average seed yield due to irrigation regimes ranged from 323.1 kg ha–1 in I25 to 723.7 kg ha–1 in I100 across years. The seed yield was higher during 2020–21, which might be due to the receipt of 10.6 mm rain during the active growth phase at 60 days after sowing, as well as due to the crop being irrigated with a higher amount of water compared to 2021–22. The results showed that the seed yield was reduced by 3.3, 20.1, and 55.3% under I75, I50, and I25, respectively.



Similarly, the oil yield of chia ranged from 101.5 kg ha–1 in I25 to 238.3 kg ha–1 in I100 across the years and BR treatments. The reduction in oil yield compared to I100 was 4.2, 22.3, and 57.4% under I75, I50, and I25, respectively. The Omega–3 yield of chia ranged from 52.5 (I25) to 127.8 (I100) kg ha–1, while the reduction in response to water deficit was 6, 25, and 41% under I75, I50, and I25, respectively. The reduction in seed, oil, and Omega–3 yield of chia under deficit irrigation was primarily due to a reduction in yield determinants such as the number of spikes per plant, spike length, test weight, oil content, harvest index, and omega–3 content in oil (Table 3). As evident from the data, the reduction in the number of spikes, length of spikes, 1000-seed weight, oil content, and harvest index (HI) was 5.1 to 24.5, 5.7 to 30.6, 2.4 to 8.1, and 0.9 to 4.6% in response to I25 and I75, respectively, relative to I100, whereas the deficit irrigation of I75 resulted in the highest HI (20.2), followed by I50, I100, and I25. These results indicate the negative impact of deficit irrigation on chia yield in proportion to the reduction in applied water. In previous studies, the reduction in seed yield in chia was attributed to the reduction in the density of seeds per spike under deficit irrigation [13]. Results from our study align with reports on the impact of deficit irrigation on camelina [44], canola [45], and safflower yield [46].



Further, our results hint that the reduction in seed yield was the primary reason for the decline in oil and omega–3 yield when the crop was subjected to water deficit (Table 2). The decrease in oil yield in chia may be attributed to the reduction in the oil content of seeds (Table 3). These results are in tune with previous investigations in mustard [47], camelina [48], nigella [49], sunflower, safflower, and sesame [50]. The substantial reduction in the test weight of chia seeds observed in our study suggests that the reduced size of the endosperm might have resulted in a decrease in oil content in the seed. This derives support from a previous report on soybean crop [51].




2.3. Effect of Bioregulators on Seed, Oil, and Omega–3 Yield


Foliar application of BRs effectively improved seed, oil, and omega–3 yield of chia irrespective of years and irrigation levels. The seed yield of chia was highest in KN-sprayed plants 610.2 kg ha−1. The improvement in seed yield due to KO, SA, PS, SB, TU, and KN was 1.8, 9.1, 4.7, 5.4, 9.7, and 11.3%, respectively. Among all the BRs, KN (11.3% of control) and TU (9.7% of control) outperformed others in improving the seed yield (Table 2). The improvement in seed yield was attributed to the higher number of spikes, spike length, and 1000-seed weight due to BRs (Table 3 and Table S1). Foliar application of KN resulted in a higher number of spikes (24.28), spike length (19.68 cm), and 1000-seed weight (1.19 g), at par with TU and SA. The harvest index found to be highest in the KO and control plants may be due to lower vegetative and higher seed biomass. The beneficial effect of KN and TU in water regulations and photosynthesis improved the overall plant physiology and yield attributes under deficit irrigation. Similar improvement in yield attributes due to the positive effect of KN in sunflower [52] and TU in fenugreek [24] and wheat [17] is well documented. The irrigation × BRs interaction effect revealed that the advantage of BRs can be realized under a certain level of deficit irrigation. For instance, the impact of all the BRs except kaolin was almost similar under sufficient irrigation (I100). However, KN and TU exhibited a significantly high impact in terms of improved seed yield in I75 (5 to 7%) compared to the control (I100 without BRs). Further reduction in irrigation water up to I50 (no BRs) reduced the yield up to 21.6% relative to control (I100 without BRs). However, with the application of BRs such as KN and TU, the yield loss could reduce to 10.5–11.5% compared to the control (I100 without BRs) (Table 2).



The oil yield due to various BRs varied between 178.8–198.7 kg ha−1, whereas seeds from control plants resulted in the lowest oil yield (171.7 kg ha−1). Among all BRs, a higher seed yield was obtained from KN-sprayed plants (198.7 kg ha−1) followed by TU (196.2 kg ha−1). Similarly, the omega-3 yield was higher in seeds obtained from KN-sprayed plants (106.5 kg ha−1), followed by TU (105.0 kg ha−1). The improvement in oil and omega–3 yield due to BRs was 4–13.9% and 2–8.5% over the control (no BRs). This improvement was because of higher seed yield; oil content of seeds and omega–3 in oil due to the application of BRs. Application of TU and KN resulted in higher oil content of 32.49 and 32.43%, respectively, which enhanced the oil yield of chia under these treatments. Further, BRs, viz. KN, TU, and SA, at mild deficit irrigation (I75) improved oil and omega–3 yield by 6 to 7% and 4.7 to 8.5%, respectively, compared to I100 without BRs (Table 2). However, the benefit of BRs in improving oil and omega–3 yield was not so conspicuous in moderate (I50) and severe (I25) water deficits. The beneficial effect of KN observed in our experiment derives support from earlier studies, which revealed enhanced tolerance to deficit irrigation due to KN in soybean [53]. Similarly, TU effectively improved the seed and oil yield of Indian mustard under water stress conditions [54]. It is important to note that TU contains a substantial proportion of N (36%) and sulfur (42%), which can also contribute to plant growth and development as essential nutrients [55]. Thus, our study supplements the earlier reports on KN and TU as stress alleviators and yield enhancers in crop production under soil moisture deficit. The benefit of these BRs could be realized from the improvement in plant growth driven by key physiological and biochemical processes.




2.4. Effect of Deficit Irrigation and BRs on Growth and Physiology of Chia


Plant height and biomass production of chia responded significantly to irrigation and BR application at different growth stages. At 30 DAS, the deficit irrigation (I75–I25) significantly reduced plant height by 2 to 11.5% (Figure 2A) and biomass by 19.5 to 47.1% (Figure 3A) compared to I100. Similarly, the reduction in plant height and biomass of chia was more conspicuous at 60 and 90 DAS. The plant height was lowest in I25, both at 60 (51.7 cm) and 90 DAS (64.84 cm). From the phenology of chia, it was observed that the growth of plants was slower until 30 DAS, and 69% of the growth was achieved between 30–60 DAS. The biomass accumulation also showed that a similar trend was that of plant height. The biomass accumulation ranged between 28.3 and 53.5 kg ha−1 during 30 DAS, whereas it was 805.0–1438.7 kg ha−1 at 60 DAS. At 90 DAS, the I25 resulted in the lowest biomass (2668.0 kg ha−1). A similar trend of reduction in plant height and biomass accumulation in chia was reported under deficit irrigation in previous studies [13,56]. The reduction in the growth of plants under deficit irrigation was attributed to the decrease in water and nutrient uptake due to the closing of stomata, poor transpiration, and lower turgor pressure, which reduced photosynthesis and ultimately cell expansion, leading to poor plant growth and dry matter accumulation [57].



As evident from our study, the benefit of BRs in increasing plant height (2–14%) and biomass (1–26%) was conspicuous at 60 DAS (Figure 2B and Figure 3B) compared to without BRs. Among them, KN and TU showed higher benefits in improving the plant growth of chia. Applying KN could improve plant height by 13.2% and biomass by 16.8% at 90 DAS compared to the control. Similarly, the improvement in plant height and biomass was 11.6% and 15.8% with the application of TU compared to the control (Figure 2C and Figure 3C). Such effects of KN and TU may be due to the presence of nitrogen (KN, TU) and potassium (KN), which are the essential nutrients for plants [58]. KN-induced enhancement of plant height and biomass under mild water deficit stress was also reported in groundnut [59]. Similarly, TU supplementation in sunflower improved photosynthesis rate and plant–water relations [60].



The reduction In LAI was proportionate to the reduction in applied water, and it was reduced by 50% at severe stress (I25) compared to I100 (Figure 4A). This impact of moderate water stress could be alleviated significantly by the foliar spray of KN. The reduction in soil moisture during the study was reflected by a decrease in RWC (67.39 to 37.01%), NDVI (0.64 to 0.56) and increased canopy temperature (29.2 to 29.9 °C) of chia due to deficit irrigation (I75–I25) compared to I100 as shown in Figure 4B–D, respectively. These findings corroborate earlier studies that reported a reduction in RWC in eggplant [61] and maize [62], and NDVI in cluster bean [63], due to reduced water uptake under deficit water stress. As opined by Taghvaeian et al. (2014) [64], the CT can be used as an indicator of moisture deficit stress, since a reduction in plant available water leads to lower transpiration, and consequently, an increase in the CT in sunflower. In the present investigation, the elevated CT (Figure 4B) coincided with the low RWC (Figure 4D) in chia leaves under deficit irrigation (I25–I75). This adverse impact of deficit irrigation can be overcome by the use of BRs. The beneficial effect of KN could be realized from an improvement in RWC by 16% and NDVI by 14% compared to the control. Consequently, there was a reduction in the CT to the extent of 1.1 °C over plants in control (no BRs). The presence of K+ and N in KN helps to maintain leaf water status and stomata regulation, resulting in higher RWC and cooler canopy. Thus, these BRs were essential in modulating canopy temperature and leaf water status under water deficits [23]. The positive effect of KN in osmatic adjustment and maintaining higher RWC under moisture stress tolerance was observed in cotton [65]. Thus, our study suggests that the reduction in plant growth due to deficit irrigation was the primary cause of yield reduction in chia, and that the adverse impact could be reduced by foliar application of KN and TU.




2.5. Fatty Acid Composition


Chia oil contains predominantly five fatty acids, namely linolenic acid (18:3), linoleic acid (18:2), oleic acid (18:1), stearic acid (18:0), and palmitic acid (16:0), determined as FAME, as previously observed in other reports of chia [15]. However, the quality of chia is determined by the proportion of nutritionally rich proximate factors such as linolenic (omega–6) and linoleic acid (omega–6) fatty acids in the oil. There was a reduction in the linolenic acid content due to deficit irrigation of I25 (51.72%), I50 (52.24), and I75 (52.77%) compared to I100 (53.62%). The linolenic acid reduction was 1.5 to 3.5% due to deficit irrigation (I75–I25) over I100. The linoleic acid content also showed a similar trend as that of linolenic acid. The lowest linoleic acid was observed in I25 (22.90%) and the highest was in I100 (24.36%). The reduction in linoleic acid was to the extent of 1.5 to 5.9% because of deficit irrigation (I75–I25) over I100. Similar reasons were reported for reduced linolenic acid content in response to deficit irrigation in chia [15] and sunflower [66]. Contrarily, Herman et al. (2016) [13] reported no significant effect of deficit irrigation on omega–3 content in chia due to a cooler climate existing in high altitudes. However, in our study, the dry and warm climate might also be responsible for variations in fatty acids under stress conditions.



Contrarily, there was an increase in stearic acid by 6.2–24.6% and palmitic acid by 5.9–9.2%, across deficit irrigations (I25–I75) compared to full irrigation (I100) (Table 4). The present study also revealed an increase in oleic acid content in oil due to water stress (I75–I25) (Table 4). The oleic acid content was higher in I25 (9.16%) followed by I50 (8.88%). The lowest oleic acid was obtained from I100 (8.29%). The reduction in oleic acid due to deficit irrigation was because of the comparative reduction in linolenic acid and linoleic acid. These results corroborate with observations recorded in sunflower under drought stress [67]. The decrease in long-chain fatty acids such as linoleic and linolenic acid could be due to poor translocation of sugars such as glucose, fructose, and sucrose from stem to seeds under drought stress, as observed in soybean [68]. This reduction in unsaturated fats under deficit irrigation contributes to cell membrane stability under stress conditions [69,70]. The ability to regulate membrane fluidity by changing the levels of unsaturated fatty acids is a characteristic of stress-tolerant plants mainly mediated by activities regulated by fatty acid desaturases. This might be one of the reasons for the increased stearic and palmitic acid, and contrarily the reduction in linoleic and linolenic acid. In addition, the reduction in linolenic and linoleic acid was attributed to a possible thermal effect of deficit irrigation on the activity of ‘fatty acid desaturase’ involved in the breakdown of unsaturated fatty acid, as observed in soybean [68] and in safflower [69]. In our study, there was a substantial increase in the canopy temperature of plants in response to deficit irrigation. These results derive support from earlier reports on the adverse impact of elevated temperature on the composition of safflower oil [71] and sunflower [72]. Another possibility is that higher reactive oxygen species production might increase lipid peroxidation, leading to the conversion of unsaturated fats to saturated fats [73].



Our study revealed the beneficial effects of BRs in improving the quality of chia oil by increasing the linoleic and linolenic acids (Table 4). Due to BR application, there was an increase in linolenic acid ranging between 51.89–53.37%. Among BRs, KN was found to be significant in improving the linolenic acid (53.37%) in oil, followed by TU (53.30%) and SA (52.80%). The improvement in linolenic acid due to KN, TU, and SA was 2.7, 2.6, and 1.7% higher than the control, respectively (without BRs) (Table 4). Foliar application of KN resulted in lower stearic acid (4.86) and oleic acid (8.52%) in chia oil, which was 15.6 and 6.4% lower compared to the control, respectively. At the same time, TU resulted in lower palmitic acid (9.17%), which was at par with KN.



Interaction of deficit irrigation and BRs showed that even with a 50% reduction in applied water (I50), KN and TU could maintain 52.25–52.95% linolenic acid in chia oil, which was comparable to I100 without BRs (Table S2). This indicates the benefit of KN and TU in maintaining the quality of chia oil in terms of high linolenic acid content under moisture deficit stress. The presence of essential nutrients such as N and K (in KN) and S (in TU) might have contributed to the relatively better oil quality of chia, as observed even with sufficient irrigation. Nevertheless, the role of KN and TU in imparting stress tolerance and higher lipid biosynthesis can be the reason for the retention of the oil quality under water stress conditions. This observation aligns with reports on an improvement of fatty acids such as oleic, linoleic, and linolenic acid in safflower [69], camelina oil [74], and soybean [75] when plants were applied with N, S, and K containing nutrient formulations.




2.6. Water Productivity for Seed


Enhanced water productivity (WP) and crop yield are essential for sustainable and climate-resilient agriculture. In this regard, the benefit of BRs has to be evaluated both in terms of the seed yield and WP of chia. The results showed that irrigation levels significantly affected the WP (Figure 5). The range of WP was 0.211 to 0.283 kg m–3 across the irrigation regimes. The higher WP for seeds was obtained in I50 (0.283 kg m–3), followed by I75 (0.256 kg m–3) and I25 (0.243 kg m–3), and was lowest in I100 (0.283 kg m–3). Deficit irrigation improved the WP to the extent of 12.8, 25.4, and 17.5% at severe (I25), moderate (I50), and mild (I75) stress conditions, respectively, compared to no stress (I100). Lower WP in nonstress conditions (I100) was due to a greater proportion of unutilized biomass in vegetative parts. An increase in WP in the deficit moisture may be attributed to increasing net assimilation or decreasing transpiration, leading to a balanced proportion of seed and vegetative biomass [76]. Further, our study draws support from reports of Herman et al. (2016) [13] in chia, stating that the increase in WP was almost 18% for seed, 50% for oil, and 33.3% for omega–3 under deficit moisture (40% ET). A similar observation of improved WP under deficit irrigation was made in coriander [18], fenugreek [77], and wheat [17]. There was a beneficial effect of BRs on WP, especially under water stress conditions (Figure 5). The WP due to BRs ranged between 0.232–0.261 kg m–3. Among BRs, KN was more beneficial than TU and SA. The increment in WP due to KN was 11.1% over control. Further, the effects of TU and SA were also found to be highly significant compared with the control. These results agree with reports that KN and TU were most effective in improving WP due to the presence of K+ in KNO3, which maintains the turgidity of guard cells and regulates stomatal mechanisms to reduce transpiration losses of water. This could have significantly improved WP under moderate stress conditions [17,78].



Second-degree polynomial equations could effectively (R2 = 0.92–0.96) explain the association between WP and total applied water (Figure 5). WP responses revealed the advantage of BRs over the control. Further, the analysis revealed that the maximum WP for seed achieved without BRs was 0.258 kg m–3 at 224 mm of applied water. An equivalent WP for seed could be obtained by KN with only 135 mm of total applied water, suggesting that saving of 40% of irrigation water is possible. Similarly, the equivalent WP for seed could be obtained with BRs at 144, 147, 166, 175, and 192 mm water for TU, SA, SB, PS, and KO, respectively, indicating water saving ranging from 14.3–39.9% with exogenous foliar application of BRs.




2.7. Interrelationship between Traits as Influenced by Bioregulators


Multivariate analysis was carried out to capture and explain the variability and association among the different traits and bioregulator effects. PC1 and PC2 together accounted for 88.5% of the total variability in the dataset (Figure 6). The principal component analysis could classify the irrigation levels as expected. Among the different parameters considered for analysis, contributions of WP−seed, WP−oil, and WP−omega−3 to total variability were relatively higher than other parameters. KN, TU, and SA were associated with high values of WP−seed, WP−oil, and WP−omega−3, particularly I50, suggesting that the benefit of these bioregulators can be realized even with 50% less water.



Under mild or absence of water stress, seed and oil yield were closely associated with yield attributes. HI was also associated with WP−seed, WP−oil, and WP−omega−3, as revealed by the narrow angle between corresponding vectors. This observation aligns with the strong and positive association between oil yield and HI in chia reported by Herman et al. (2016) [13]. Under severe water stress conditions (I25), our data revealed that the canopy temperature was positively associated with the accumulation of saturated fatty acids such as palmitic acid, stearic acid, and oleic acid, suggesting that a hotter canopy resulted in the deterioration of oil quality in terms of higher saturated fatty acids (PA, SA, and OA). A possible association between high temperature and fatty acid deterioration was also reported by Oliva et al. (2006) [72] in soybean crop.





3. Materials and Methods


3.1. Soil and Weather Conditions of the Location


The field experiment was conducted for two consecutive years (2020–21 and 2021–22) at ICAR–National Institute of Abiotic Stress Management, Baramati, Maharashtra, India. The study location is situated at latitude (18°09′30.62″ N), longitude (74°30′03.08″ E), and an altitude of 570 m above mean sea level (MSL). The location is categorized as the hot and semiarid climate of the Deccan Plateau region under agroecological region 6 and water scarcity zone of Maharashtra [79]. The location receives an average annual rainfall of 560 mm, and a substantial proportion is distributed from June to October. The mean yearly United States Weather Bureau (USWB) open pan evaporation of the area is three-fold higher than the mean rainfall (1965 mm). The average maximum temperature during the chia-cropping period ranged between 29.5–30.7 °C, with cumulative evaporation of 475.8–543.1 mm. The detailed weather parameters recorded during cropping seasons (2020–22) are given in Table 1. The soil texture of the experiment site was medium black with sand (11.9%), silt (18.8%), and clay (69.2%), according to Rajagopal et al. (2018) [80]. The chemical properties of the soil were pH (8.19), EC (0.24 dS m–1), medium organic carbon (6.5 g kg–1), medium in available N (175.0 kg ha–1), low in P2O5 (7.9 kg ha–1), and medium in K2O (180.0 kg ha–1).




3.2. Experimental Details and Crop Management


The experiment was laid out in a split-plot design with four irrigation regimes (25, 50, 75, and 100% CPE) in main plots and six bioregulators (BRs: kaolin, salicylic acid, sodium benzoate, potassium silicate, thiourea, potassium nitrate) and control (water spray with no BR) in subplots. Each treatment was replicated three times. The land was prepared for sowing by one deep ploughing followed by harrowing. The white-colored chia seeds were obtained from the University of Horticultural Sciences, Bagalkot, Karnataka, and were sown on 13 November 2020 and 2021. Sowing was carried out at the rate of 2.5 kg ha–1 on the flatbeds (3 m × 3 m) by manual dibbling at the spacing of 60 × 30 cm. A buffer area of 1 m was maintained between each block to minimize the lateral movement of soil moisture and nutrients. The nutrients, N:P2O5:K2O at 90:60:75 kg ha–1, respectively, were applied through fertilizers [CO(NH2)2], [Ca (H2PO4)2] and KCl, respectively, whereas 100% (P2O5 and K2O) and 50% of N was applied as a basal dose, and the remaining N was applied at 30 days after sowing (DAS). The weeds were removed manually at 30 and 60 DAS.




3.3. Irrigation and Bioregulators Application


Irrigation was delivered through a surface drip irrigation system (Jain Irrigation Systems Ltd., Jalgaon, India) made of 16 mm laterals with inline emitters having a discharge rate of 4 L h–1. In each plot, five laterals were placed to have 50 emitters and the irrigation system operated at a pressure of 1.3 kg cm–2. The plots were irrigated based on the climatological approach, i.e., the cumulative USWB Class A open pan evaporation (CPE), according to treatments in main plots (I25, I50, I75, and I100). Before imposing water deficit, all the plots received two common irrigations (25 mm each) through the drip irrigation method immediately after sowing and a week after sowing for uniform germination and establishment of seedlings. Details of the amount of water applied, the number of irrigations at different crop stages, and the amount of rainfall received during the cropping season are presented in Table 5. The irrigation time to supply the required amount of irrigation water was calculated using the following formula:


   Irrigation   time      min   =    Area       m 2    ×  CPE      mm   × 60 ×  Irrigation   efficiency     %     Number   of   emmitters  ×  emitter   discharge      l / h      



(1)







Six BRs—thiourea (TU @ 400 ppm), salicylic acid (SA @ 1.0 mM), potassium nitrate (KN @ 0.15%), potassium silicate (PS @ 100 ppm), kaolin (KO @ 5%), sodium benzoate (SB @ 200 ppm)—with control were applied as foliar spray at 30 DAS (seedling), 45 DAS (flower initiation), and 60 DAS (50% flowering). The spray volume of 0.5 L at 30 DAS and 1.0 L per plot (9 m2) at 45 and 60 DAS was applied on the following day of irrigation (11.00–13.30 h) with the mentioned concentration of BRs. The control plots without any BRs were sprayed with water equitant to spray volume.




3.4. Growth and Physiological Parameters


Chia growth attributes such as plant height and biomass production were recorded at 30, 60, and 90 DAS separately in two years of study. The leaf area of five randomly selected plants in each plot was considered to compute the leaf area index (LAI) at 60 DAS. A leaf area meter (LI–3100 leaf area meter, LI–COR. Inc., Lincoln, NE, USA) was used to ensure precise measurement. In addition, physiological indicators such as normalized difference vegetation index (NDVI) were recorded plotwise at 60 DAS using a handheld Green Seeker Sensor (Trimble, SPL.Tech. Pvt. Ltd., Delhi, India). The canopy temperature (CT) was measured from five randomly selected plants using a handheld infrared thermometer (Agri–therm III™, 6210 L, Everest Interscience Inc., Chino Hills, CA, USA) before noon time at 60 DAS [81]. Relative water content (RWC) of five randomly selected chia leaves from each treatment was determined using the method suggested by Bandyopadhyay et al. [82]. For this second top, fully opened leaves of the chia plant were collected at 12.00 h at 60 DAS. The RWC was calculated using the following formula:


   RWC     %  =     FW − DW       TW − DW     × 100  



(2)




where ‘FW’ is fresh weight, ‘DW’ is dry weight, and ‘TW’ is turbid weight of chia leaves.




3.5. Yield and Yield Attributes of Chia


Yield determinants such as the number of spikes per plant, spike length, and 1000-seed weight were recorded at the time of harvest from the selected plants. Then, the seed yield of each plot was recorded after manual threshing and expressed in kg ha–1. Later, the harvest index was calculated using the seed yield and biological yield of chia. Similarly, oil and Omega–3 yields of chia were computed using the seed oil content, Omega–3 content, and seed yield, and expressed in kg ha–1.


   HI     %  =    Seed   yield      kg / ha      Biomass   yield      kg / ha      



(3)






   Oil   yield      kg / ha   =    oil   content     %  ×    seed   yield      kg / ha     100    



(4)






  Omega – 3    yield      kg / ha   =   Omega – 3    content     %  ×    seed   yield      kg / ha     100    



(5)








3.6. Water Productivity (WP)


WP of chia was computed by considering the mean yield during both years and the total water supplied [83].


   WP   seed         kg   m    − 3     =    Seed   yield      kg / ha      Total   water   supplied      mm     × 10  



(6)








3.7. Extraction of Chia Seed Oil


The total oil content (w/w basis) in chia seeds was extracted by grinding 10 g of clean and dry seeds into the thimble and extracted with 150 mL of n–hexane for 3 h in Soxhlet apparatus following AOCS Method Ba 3–38 [84]. The n–hexane was evaporated and oil weight was recorded to assess the oil content in seed samples. Further, the oil samples were stored at 4 °C for further analysis of fatty acid composition by preparing fatty acid methyl esters. The oil content was expressed as percent of seed weight.




3.8. Fatty Acid Methyl Esters (FAME) Analysis


Total fatty acids and fatty acid composition in chia seed oil were determined by preparing FAME according to AOCS (2017) [85] method Ce 2–66. For this, 100 ± 1 mg of oil samples were weighed in reaction vials and 1 mL of BF3–Methanol was added to the mixture. The reaction mixture was heated in sealed vials in water bath at a temperature of 60 °C for 30 min. To the cooled mixture, 3 mL of n–hexane was added to recover the methyl esters to the organic phase, then 1 mL of saturated NaCl solution was added. The aqueous and upper hexane layer was separated to clean vials and anhydrous sodium sulfate was added to remove any moisture in the sample. The hexane was allowed to evaporate and then the residue was stored in −20 °C until further analysis. The FAMEs were diluted in 1 mL of hexane before estimation. Diluted FAME was separated on a GC–MS (Shimadzu QP2020 Kyoto, Japan) equipped with an SH–Rtx–Wax column (30 m × 0.325 mm × 0.25 μm); a sample of 1 μL was used in split mode (10:1) with an autosampler. Helium was the carrier gas at a flow rate of 2.02 mL min–1. The column temperature was programmed from 50 to 240 °C with an equilibrium time of 2.5 min, held for 35 min. Injector temperatures were set at 240 °C. The fatty acids were identified by comparing their retention indices, and their identification was confirmed by matching their mass spectra in the NIST–MS library. Each fatty acid content was expressed in percentage based on the retention area in the chromatogram.




3.9. Statistical Analysis


Data collected on various growth, yield, and quality parameters during two years of the study were checked for normality before conducting analysis of variance and later subjected to combined analysis of variance (ANOVA) using the mixed model (proc GLIMMMIX, SAS v 9.3. SAS Institute, Inc., Cary, NC, USA). Statistical significance among irrigation levels and BRs over two years was estimated by a pooled analysis of variance as applicable to split-plot design [86]. The significant difference was tested using Tukey’s least significance difference (LSD) test (α = 0.05).





4. Conclusions


Severe deficit irrigation (25% CPE) drastically reduced the chia seed yield to as high as 50%, whereas bioregulators are effective in reducing this loss. Our study reveals that even with a 25% reduction in applied water, it is possible to retain as much seed yield as I100 if potassium nitrate, thiourea, or salicylic acid are applied to chia. Maximum water productivity could be achieved, with a 50% reduction in applied water (50% CPE) at the cost of a 10% seed yield penalty compared to I100 without BRs, suggesting that this crop can be remunerative even under water-scarce regions. Oil and omega–3 content of chia remain unchanged even after a reduction in water supply by 40% when potassium nitrate and thiourea are sprayed. Therefore, the use of bioregulators can save water to the tune of almost 40% without loss of seed yield, oil content, or omega–3 content. Therefore, results evidenced the advantage of BRs such as potassium nitrate, thiourea, and salicylic acid to schedule deficit irrigation in chia under semiarid agroclimates of India.
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Figure 1. Year–wise soil moisture distribution due to irrigation regimes throughout the chia growth stages. 
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Figure 2. Effect of irrigation level (A), BR (B), and interaction effect (C) on plant height of chia at various growth stages. KO, SA, PS, SB, TU, KN, and no BR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively, while BRs and CPE denote bioregulators and cumulative pan evaporation, respectively. 






Figure 2. Effect of irrigation level (A), BR (B), and interaction effect (C) on plant height of chia at various growth stages. KO, SA, PS, SB, TU, KN, and no BR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively, while BRs and CPE denote bioregulators and cumulative pan evaporation, respectively.



[image: Plants 12 00662 g002]







[image: Plants 12 00662 g003 550] 





Figure 3. Effect of irrigation levels (A) and BRs (B) and interaction effect (C) on biomass production of chia at various growth stages. KO, SA, PS, SB, TU, KN, and no BR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively, while BRs and CPE denote bioregulators and cumulative pan evaporation, respectively. 
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Figure 4. Effect of irrigation and bioregulators on growth and physiology of chia: (A) leaf area index (LAI), (B) canopy temperature (CT), (C) normalized difference vegetation index (NDVI), and (D) relative water content (RWC). 
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Figure 5. Water productivity functions for chia seed as influenced by bioregulators, viz. cont, KO, PS, SB, SA, TU, and KN. KO—kaolin; KN—potassium nitrate; PS—potassium silicate; SA—salicylic acid; TU—thiourea; SB—sodium benzoate. 
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Figure 6. PCA biplot showing interrelation between traits such as seed yield (SY), oil content (OC), oil yield (OY), test weight (TW), number of spikes (NS), spike length (SL), linoleic acid yield (ALA), relative water content (RWC), canopy temperature (CT), polyunsaturated fatty acids (PUFA). Saturated fatty acid (SFA), oleic acid (OA), palmitic acid (PA), stearic acid (SA), linoleic acid (LA), linolenic acid (ALA), water productivity (WP) grown under irrigation regimes (100, 75, 50, and 25% CPE) with various bioregulators. Variables represented by vectors (red markings) and irrigations in loadings (blue markings). 
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Table 1. Meteorological data of the experimental site during cropping season (2020–21 and 2021–22).
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Month

	
Tmax (°C)

	
Tmin (°C)

	
Mean Relative Humidity (%)

	
Rainfall (mm)

	
Cumulative Pan Evaporation (mm)




	
2020–21

	
2021–22

	
2020–21

	
2021–22

	
2020–21

	
2021–22

	
2020–21

	
2021–22

	
2020–21

	
2021–22






	
November

	
30.9

	
30.4

	
17.4

	
18.8

	
63.0

	
68.2

	
0.0

	
14.6

	
141.3

	
123.7




	
December

	
29.8

	
28.2

	
14.1

	
14.8

	
62.5

	
71.3

	
0.0

	
5.4

	
128.6

	
83.8




	
January

	
30.7

	
27.8

	
16.7

	
12.8

	
64.9

	
66.1

	
10.6

	
0.0

	
125.3

	
112.5




	
February

	
31.4

	
31.9

	
14.0

	
13.5

	
52.0

	
55.0

	
0.0

	
0.0

	
147.9

	
155.8




	
Avg./total *

	
30.7

	
29.5

	
15.5

	
14.9

	
60.6

	
65.1

	
10.6 *

	
20 *

	
543.1 *

	
475.8 *








* total values.
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Table 2. Seed, oil, and omega–3 yield of chia as influenced by deficit irrigation regimes and bioregulators.
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I/BRs

	
Seed Yield (kg ha–1)

	
Oil Yield (kg ha–1)

	
Omega–3 Yield (kg ha–1)




	
I25

	
I50

	
I75

	
I100

	
Mean BRs

	
I25

	
I50

	
I75

	
I100

	
Mean BRs

	
I25

	
I50

	
I75

	
I100

	
Mean BRs






	
No BRs

	
300.1 n

	
538.8 j

	
666.0 f

	
687.3 de

	
548.0e

	
92.6 m

	
169.9 h

	
215.3 e

	
224.9 d

	
171.7 e

	
47.4 q

	
87.4 l

	
112.2 h

	
118.6 fg

	
91.4 f




	
KO

	
308.7 mn

	
550.1 ij

	
673.6 ef

	
700.2 d

	
558.2d

	
95.6 lm

	
173.3 h

	
217.2 e

	
229.1 d

	
178.8 d

	
49.1 pq

	
89.7 l

	
113.5 h

	
121.0 f

	
93.3 e




	
SA

	
331.1 kl

	
604.4 g

	
718.6 c

	
737.7 ab

	
597.9 b

	
104.8 i–k

	
193.4 f

	
235.3 a–c

	
243.1 ab

	
194.2 b

	
54.3 m–o

	
101.5 j

	
124.5 e

	
131.0 bc

	
102.8 c




	
PS

	
318.9 lm

	
560.1 hi

	
687.7 de

	
728.9 a–c

	
573.9 c

	
100.1 kl

	
178.9 g

	
223.7 d

	
240.5 a–c

	
185.8 c

	
51.4 no

	
93.0 k

	
117.3 g

	
127.8 d

	
97.4 d




	
SB

	
323.8 lm

	
567.9 h

	
688.7 de

	
731.4 a–c

	
577.9 c

	
101.8 jk

	
181.8 g

	
224.9 d

	
241.1 ab

	
187.4 c

	
52.6 op

	
95.0 k

	
118.6 fg

	
127.8 d

	
98.5 d




	
TU

	
334.1 kl

	
608.3 g

	
724.6 bc

	
738.3 ab

	
601.3 b

	
106.2 ij

	
196.0 f

	
238.3 bc

	
244.2 a

	
196.2 b

	
55.4 mn

	
103.7 ij

	
127.2 de

	
133.8 ab

	
105.0 b




	
KN

	
344.8 k

	
615.0 g

	
738.5 a

	
742.1 a

	
610.1 a

	
109.1 i

	
198.5 f

	
242.2 ab

	
245.0 a

	
198.7 a

	
57.0 m

	
104.8 i

	
129.7 cd

	
134.39 a

	
106.5 a




	
Mean I

	
323.1 d

	
577.8 c

	
699.7 b

	
723.7 a

	

	
101.5 d

	
184.5 c

	
228.2 b

	
238.3 a

	

	
52.51 d

	
96.49 c

	
120.47 b

	
127.82 a

	




	
Pooled analysis (Year × Irrigation × Bioregulators)




	
p value

	
Y

	
<0.0001

	
Y × I

	
<0.0001

	
Y

	
<0.0001

	
Y × I

	
<0.0001

	
Y

	
<0.0001

	
Y × I

	
<0.0001




	
I

	
<0.0001

	
Y × BRs

	
0.0002

	
I

	
<0.0001

	
Y × BRs

	
<0.0001

	
I

	
<0.0001

	
Y × BRs

	
<0.0001




	
BRs

	
<0.0001

	
Y × I × BRs

	

	
BRs

	
<0.0001

	
Y × I × BRs

	
0.0003

	
BRs

	
<0.0001

	
Y × I × BRs

	
0.0023








KO, SA, PS, SB, TU, KN, and no BR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively. Y, BRs, I denote year, bioregulators, and irrigation, respectively. Means followed by the same letter(s) within a column are not significantly different.
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Table 3. Changes in yield attributes of chia under deficit irrigation regimes and bioregulators (BRs).
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Number of Spikes per Plant

	
Spike Length (cm)

	
1000-Seed Weight (g)

	
Oil Content of Seeds (%)

	
Harvest Index (%)






	
Irrigation




	
I25

	
18.67 d

	
13.98 d

	
1.13 d

	
31.39 d

	
12.35 d




	
I50

	
21.03 c

	
16.12 c

	
1.16 c

	
31.91 c

	
19.03 b




	
I75

	
23.49 b

	
19.01 b

	
1.20 b

	
32.60 b

	
20.20 a




	
I100

	
24.76 a

	
20.17 a

	
1.23 a

	
32.91 a

	
17.21 c




	
p value

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Bioregulators




	
No BRs

	
20.19 d

	
15.07 c

	
1.17 c

	
31.85 d

	
17.81 a




	
KO

	
20.22 d

	
14.62 c

	
1.18 a–c

	
31.86 d

	
17.97 a




	
SA

	
22.72 b

	
19.42 a

	
1.19 a

	
32.33 a–c

	
17.16 b




	
PS

	
21.48 c

	
16.48 b

	
1.18 a–c

	
32.20 c

	
17.20 b




	
SB

	
21.37 c

	
16.57 b

	
1.18 bc

	
32.26 bc

	
17.22 b




	
TU

	
23.63 a

	
19.39 a

	
1.19 ab

	
32.49 a

	
16.49 c




	
KN

	
24.28 a

	
19.68 a

	
1.19 a

	
32.43 ab

	
16.54 c




	
p value

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Year




	
2020–21

	
21.9 a

	
17.11 b

	
1.19 a

	
31.77 b

	
16.91 b




	
2021–22

	
22.0 a

	
17.52 a

	
1.17 b

	
32.64 a

	
17.49 a




	
p value

	
0.810

	
0.035

	
<0.0001

	
<0.0001

	
<0.0001








KO, SA, PS, SB, TU, KN, and no PBR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively. Y, B, I denote year, bioregulators, and irrigation, respectively. I25, I50, I75, and I100 denote irrigation regimes at 25, 50, 75, and 100% CPE, respectively. Means followed by the same letter(s) within a column are not significantly different.
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Table 4. Changes in fatty acid composition of chia seed oil affected by deficit irrigation regimes and bioregulators (BRs).
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Treatments

	
Palmitic Acid (%)

	
Stearic Acid (%)

	
Oleic Acid (%)

	
Linoleic Acid (%)

	
Linolenic Acid (%)

	
Saturated Fatty Acids (%)

	
Polyunsaturated Fatty Acids (%)






	
Irrigation




	
I25

	
9.92 a

	
6.24 a

	
9.16 a

	
22.90 d

	
51.72 d

	
16.16 a

	
74.63 d




	
I50

	
9.80 a

	
5.65 b

	
8.88 b

	
23.39 c

	
52.24 c

	
15.44 b

	
75.64 c




	
I75

	
9.57 b

	
5.01 c

	
8.63 c

	
23.98 b

	
52.77 b

	
14.59 c

	
76.75 b




	
I100

	
9.00 c

	
4.70 d

	
8.29 d

	
24.36 a

	
53.62 a

	
13.70 d

	
77.98 a




	
p value

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Bioregulators




	
No BRs

	
10.00 a

	
5.76 a

	
9.11 a

	
23.21 f

	
51.89 f

	
15.76 a

	
75.11 f




	
KO

	
9.84 ab

	
5.86 a

	
8.85 b

	
23.33 e

	
52.06 e

	
15.71 a

	
75.39 e




	
SA

	
9.36 d

	
5.28 c

	
8.54 d

	
23.97 a

	
52.80 b

	
14.08 d

	
76.77 c




	
PS

	
9.64 c

	
5.47 b

	
8.91 b

	
23.71 c

	
52.25 d

	
15.11 c

	
75.96 d




	
SB

	
9.75 bc

	
5.52 b

	
8.69 c

	
23.56 d

	
52.43 c

	
14.64 b

	
76.00 d




	
TU

	
9.17 d

	
5.06 d

	
8.55 d

	
23.83 b

	
53.30 a

	
15.28 e

	
77.14 b




	
KN

	
9.22 d

	
4.86 e

	
8.52 d

	
24.01 a

	
53.37 a

	
14.24 f

	
77.38 a




	
p value

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001

	
<0.0001




	
Year




	
2020–21

	
9.55 a

	
5.39 a

	
8.73 b

	
23.62 b

	
52.50 b

	
14.95 b

	
76.12 b




	
2021–22

	
9.59 a

	
5.41 a

	
8.76 a

	
23.70 a

	
52.67 a

	
15.00 a

	
76.38 a




	
p value

	
0.364

	
0.382

	
0.012

	
<0.0001

	
<0.0001

	
0.010

	
<0.0001








KO, SA, PS, SB, TU, KN, and no PBR denote kaolin, salicylic acid, potassium silicate, sodium benzoate, thiourea, potassium nitrate, and control, respectively. Y, B, I denote year, bioregulators, and irrigation, respectively. I25, I50, I75, and I100 denote irrigation regimes at 25, 50, 75, and 100% CPE, respectively. Means followed by the same letter(s) within a column are not significantly different.
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Table 5. Total amount of water supplied during crop-growing period (2020–21 and 2021–22).
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Treatments

	
Irrigation Water Applied (mm)

	
Common Irrigation (mm)

	
Rainfall (mm)

	
Total Water Supplied (mm)




	
2020–21

	
2021–22

	
2020–21 & 2021–22

	
2020–21

	
2021–22

	
2020–21

	
2021–22






	
I25 (25% CPE)

	
72.6

	
66.3

	
50

	
10.6

	
20.0

	
133.2

	
136.3




	
I50 (50% CPE)

	
145.2

	
132.7

	
50

	
10.6

	
20.0

	
205.8

	
202.7




	
I75 (75% CPE)

	
217.8

	
199.0

	
50

	
10.6

	
20.0

	
278.5

	
269.0




	
I100 (100% CPE)

	
290.5

	
265.5

	
50

	
10.6

	
20.0

	
351.1

	
335.5




	
Number of irrigations (scheduled time; DAS)

	
8 (5, 13, 24, 33, 41, 54, 64, 76)

	
8 (8, 18, 24, 35, 45, 58, 65, 74)
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