


Modelling of Regulated Water Management on Water Use Efficiency and Economics of Wheat (Triticum aestivum L.)
ABSTRACT 
[bookmark: _GoBack]Wheat is the most extensively grown cereal crop in the world, playing a crucial role in ensuring food security. Climate change impacts, soil degradation, pest and disease outbreaks, and market volatility all pose challenges to modern wheat cultivation, affecting yields and profitability. Heat stress and erratic rainfall, exacerbated by climate change, are major concerns nowadays. Therefore, the present field experiment was laid out in wheat crop during rabi 2021-22 at Irrigation and Water Management Farm of Department of Soil Science, CSK HPKV, Palampur to study the effect of regulated deficit irrigation on the water use efficiency and economics of wheat (Triticum aestivum L.). The treatments consisted of selected combination of four deficit levels viz. high (50% ETC), medium (70% ETC), low (90% ETC) and free from deficit (100% ETC) and three phases of application viz. phase I (CRI and jointing), phase II (flowering) and phase III (dough stage). A total of eight combinations viz. FFF: Free from deficit at all three phases; LLL: Low deficit at all three phases; MMM: Medium deficit at all three phases; FMM: Free from deficit at phase I, Medium at phase II, Medium at phase III; HFM: High at phase I, Free from deficit at phase II, Medium at phase III; MFH: Medium at phase I, Free from deficit at phase II, High at phase III; MFM: Medium at phase I, Free from deficit at phase II, Medium at phase III; HFH: High at phase I, Free from deficit at phase II and High at phase III, were tested under randomized block design and replicated three times. The soil of the experimental site was silty clay loam in texture, acidic in reaction, medium in organic carbon, available potassium, high in available phosphorus and low in available nitrogen. Results showed that highest irrigation water use efficiency was recorded under MMM (41.1 kg ha-1 mm-1), followed by FMM (40.5 kg ha-1 mm-1) both being statistically at par and lowest irrigation water use efficiency was recorded under HFM (27.5 kg ha-1 mm-1) followed by HFH (27.7 kg ha-1 mm-1). Results showed that among all regulated water deficit regimes the adoption of regulated water deficit regimes of LLL (90% ETC at CRI & Jointing, flowering and dough stage) resulted in water productivity comparable to water deficit free cultivation (FFF) with a water saving of 11 per cent under limited water availability conditions, in wheat crop. The net returns (₹ 72303 ha-1), benefit-cost ratio (2.35) and returns per unit of water use (₹ 229.89 mm-1) were higher under no deficit condition (FFF), but it was closely related to net returns (₹ 67603 ha-1), benefit-cost ratio (2.26) and returns per unit water use (₹ 222.81 mm-1) of low deficit at all three stages (LLL). The lowest net return (₹ 33465 ha-1), benefit cost ratio (1.30) and returns per unit water use (₹ 116.61 mm-1) was observed under HFH followed by HFM.
1. INTRODUCTION
[bookmark: bbib1][bookmark: _Hlk125188984][bookmark: _Hlk82348635][bookmark: _Hlk123985268]	According to an analysis of food demand projections, by 2050, global food demand will increase by 35% to 56% relative to 2010, depending on the socioeconomic scenario (Van Dijk et al., 2021). Wheat is most probably the major crop contributing to global food security, providing 20% of global dietary energy and protein intake (Naik et al. 2024; Gooding and Shewry, 2022, Salaria et al. 2024a). Assuming the proportion of wheat in global diets remains similar in future, an additional 224-359 Mt will be needed by 2050 to meet the increased demand (Kettlewell et al. 2023). More than 35% of the world’s population depends on wheat as it is staple food for them. It is the main source of plant-based protein, with a protein content of around 13% which was higher than most of the major cereals. (Sharma and Sharma, 2025). Wheat is globally cultivated on 219 million hectares, producing 808.4 million tonnes (FAOSTAT, 2025). However, climate change and resource constraints are one of the major issues nowadays threatening wheat sustainability, with about half of global wheat farms experiencing recurring drought stress, which is expected to worsen due to uncertain rainfall and rising temperatures. For effective decision making in agriculture, forecasts of weather parameters found useful and profitable whereas application of rainfall and temperature forecasts proved to be beneficial in saving irrigation crops (Rana et al., 2013a).
	Wheat is the second major food crop after rice in India. The country accounts for 13.33% of global wheat production, covering 30.4 million hectares area and producing 107.7 million tonnes with an average productivity of 3.46 t/ha (Salaria et al. 2024b; FAOSTAT, 2025). Wheat yield remains lower than the global average due to a combination of factors, including climate change, soil degradation, water scarcity, and pests and diseases. Climate change, with its associated impacts like rising temperatures and erratic rainfall, directly affects crop growth and productivity. Additionally, unsustainable agricultural practices contribute to soil degradation, reducing soil fertility and impacting yield (Rana et al. 2025; Choudhary et al. 2024). Nowadays, terminal heat stress is becoming a major issue affecting wheat productivity. 
[bookmark: _Hlk169255312]	In Himachal Pradesh only 21.8% of wheat area is under irrigation, and it is grown on 319.4 thousand hectares area, producing 609.3 thousand tonnes with an average yield of 1.90 t/ha (Department of Agriculture, 2022-23; Salaria et al. 2024a) which is significantly lower than national average. Rainfed cultivation, limited water resources, and poor crop management are major constraints to wheat-based production systems. Agriculture utilizes 70-80% of available freshwater, making water scarcity the most critical limiting factor in wheat production (Saharan et al. 2024). Scientific studies revealed decreasing rainfall trends and increasing maximum and minimum temperatures in Himachal Pradesh (mountainous state) and with an increase in temperature, crop water requirements will also increase in future for 1, 2, and 3 o C rise in temperature compared to current climate (Rana et al. 2012; Pareek et al. 2021). Apart from significant water demand for wheat, the water supply for crop production has been advocated to be reduced due to changes in climatic conditions in mountains over the last three decades. (Rana et al., 2014).	
	As population is increasing at an alarming rate, a paradigm shift is required-from increasing yield per unit area to increasing yield per unit of water to meet the demands of rapidly growing population (Sharma et al. 2024). Changing rainfall patterns, particularly insufficient precipitation during sowing and reproductive stages, combined with terminal heat necessitate judicious use of stored or conserved water via water-saving techniques. Agronomic practices and field adaptations has the potential to mitigate the negative effects of climate change on crop production systems in mountainous areas (Rana et al., 2021; Sharma et al. 2025). Apart from optimized capturing of solar radiations, soil fertility and soil moisture management can help in increasing crop productivity levels (Rana and Rana, 2014). Deficit irrigation, which uses less water than full crop evapotranspiration (ETC) requirements, has emerged as a viable strategy for increasing water use efficiency without significantly reducing yield. It can include restricting irrigation during less-sensitive growth stages or deliberately stressing the crop to induce adaptive responses. Regulated deficit irrigation (RDI) extends this concept by applying controlled water stress to promote root development and enhance water uptake.
	In Himachal Pradesh, wheat is mostly grown under rainfed conditions, evaporation losses are lower in rabi season.  Mild to moderate water stress may not significantly reduce yield if irrigation is managed properly. Conventional methods include omitting irrigation at particular stages or using alternate-row irrigation, there has been little research into stage-specific water application based on ET variation. In water-scarce environments, adopting deficit irrigation approaches tailored to local conditions can optimize water use efficiency and enhance productivity.
2. MATERIALS AND METHODS
	A field investigation was carried out during the rabi season of 2021-2022 at the Irrigation and Water Management Farm of the Department of Soil Science, Chaudhary Sarwan Kumar Himachal Pradesh Krishi Vishvavidyalaya (CSK HPKV), Palampur. The experimental site is situated at 32°06′39.1″ N latitude and 76°32′10.5″ E longitude, at an elevation of 1290 meters above mean sea level in the north-western Himalayas in Kangra district. During the crop growth period, which lasted from October 2021 to April 2022, the mean weekly minimum and maximum temperatures varied from 2.4°C to 16.8°C and 10.8°C to 31.3°C, respectively. During the season, relative humidity ranged from 33.6% to 85.9%.
	The soil at the experimental site was silty clay loam with an acidic pH of 5.4, soil organic carbon content of 0.73%, and a bulk density of 1.27 Mg m⁻³, whereas the available nitrogen, phosphorus, and potassium content were 270.5 kg ha⁻¹, 29.3 kg ha⁻¹, and 175.4 kg ha⁻¹, respectively.
	The experiment was laid in a Randomized Block Design (RBD), with eight irrigation treatments replicated three times for a total of 24 plots. The wheat variety HPW 236 was sown on 26th October 2021 with all recommended agronomic practices, except for the irrigation treatments, which were modified as per the experimental design to investigate regulated deficit irrigation. The eight treatments involved different combinations of water deficit levels applied at three critical growth phases: Phase I (Crown Root Initiation and Jointing), Phase II (Flowering), and Phase III (Dough stage). Water deficit levels included high (50% of crop evapotranspiration, ETc), medium (70% ETc), low (90% ETc), and no deficit (100% ETc). The treatment combinations were as follows: T1 - FFF (no deficit in all phases), T2 - LLL (low deficit throughout), T3 - MMM (medium deficit throughout), T4 - FMM (no deficit at Phase I, medium deficit at Phases II and III), T5 - HFM (high deficit at Phase I, no deficit at Phase II, medium deficit at Phase III), T6 - MFH (medium at Phase I, no deficit at Phase II, high at Phase III), T7 - MFM (medium deficit at Phases I and III, no deficit at Phase II), and T8 - HFH (high deficit at Phases I and III, no deficit at Phase II). These treatments were designed to study the effects of deficit irrigation on water use efficiency and economics of wheat under water-limited conditions common to rainfed hill agriculture.
	Water use efficiency indices were computed using consumptive water use, water productivity, irrigation water use efficiency and returns per unit water use.
Consumptive water use (mm) was calculated using formula given by FAO: 
	Total water use = Effective rainfall + Total water applied through irrigation + Δ S 
Water productivity (WP) (kg m-3) was computed as follows: 
			WP (kg m-3) = 
Irrigation water use efficiency (kg ha-1 mm-1) was worked out as:  
			IWUE = 
Returns per unit water use was calculated as:
			Returns per unit water use = 
	Economics for different treatments were calculated. The cost of cultivation (₹ ha-1) was calculated by adding all costs involved in each operation and input. The treatment-wise grain and straw yields were multiplied with their respective market prices. The gross returns (₹ ha-1) were calculated by adding returns received from grain and straw yields. The treatment-wise net returns (₹ ha-1) were obtained by subtracting the cost of cultivation from the gross returns of the respective treatments. The benefit to cost ratio was obtained by dividing net returns by the cost of cultivation.
3. RESULTS AND DISCUSSION
3.1 Influence of regulated water levels on water use efficiency indices of wheat crop
	The regulated water levels had significant effect on various water use efficiency indices of wheat (Table 1). Under the regulated regime of FFF (100% ETC at all three phases: CRI & jointing, flowering and dough), higher water productivity (WP) was observed, followed by LLL (90% ETC at all three phases) though both were statistically equal. Lower WP was observed under HFH and HFM when atleast one high water deficit (50% ETC) was imposed although both remained statistically at par. Water productivity is determined by yield and water use. Higher WP with more irrigation amount may be attributed to greater and easier availability of water for absorption by the plant roots (Bhunia et al. 2005). As a result, WP increased along with irrigation schedule. Here, it may be noted that the yields increased with higher irrigation levels and total consumptive use also increased in the same ratio under no deficit regime FFF, followed by the low deficit regime LLL. The findings are consistent with Shivani et al. (2001). Increased root growth has been linked to higher water use efficiency and wheat grain yield (Liao et al. 2004), as evidenced by higher root biomass observed with more water applied.
	Regulated water levels had a significant influence on irrigation water use efficiency (IWUE). Higher IWUE was observed under regulated regime of MMM, in which a medium deficit (70% ETC) was imposed throughout all stages, followed by FMM, in which no water deficit was imposed (100% ETC) at CRI and jointing, followed by a medium deficit (70% ETC) at flowering, dough, and MFM, in which a medium deficit (70% ETC) at CRI and jointing and dough and deficit free (100% ETC) at flowering. However, the IWUE observed under MMM conditions remained at par with FMM and MFM. Lower IWUE was observed under HFH regulated regime, which imposed a high deficit (50% ETC) at CRI & jointing, dough and it was free from deficit (100% ETC) at flowering, which was followed by the HFM regulated regime wherein high deficit (50% ETC) was imposed at CRI and jointing, free from deficit (100% ETC) at flowering and medium deficit (70% ETC) at dough stage. Latter two being at par with one another. It could be due to the fact that the increase in grain yield was much lower than the increase in total irrigation used. At various stages of growth, yield increased in response to full irrigation (FFF) or low deficit (LLL) treatments, but the amount of water used increased as well, reducing efficiency. However, it is clear that increasing irrigation levels increased crop water uptake and evaporation losses from the soil surface. The results are similar to those of Waghmare (2002), who found that the maximum water use efficiency was achieved with only two irrigations (CRI and blooming) and the minimum was achieved with six. Rizk and Sherif (2014), Kirda (2002), and Kang et al. (2002) all reported similar results.
	Regulated water levels had a significant impact on returns per unit water use. The FFF and LLL regulated regimes provided higher returns per unit water use (₹ 229.89 mm-1 and ₹ 222.81 mm-1, respectively), which were comparable to MFM, FMM, MFH, and HFM. The HFH regulated regime provided lower returns per unit water use (₹116.61 mm-1) compared to HFM, MFH, and MMM regimes. However, HFH and HFM remained at par with one another. Higher returns per unit water use recorded under FFF and LLL can be attributed to the higher yield achieved under these regulated water regimes.
3.2 Influence of regulated water levels on economic studies of wheat crop
	Wheat economics have been influenced by various regulated deficit regimes. (Table 2). The highest cost of cultivation, net returns, gross returns and B:C ratio was recorded under FFF (free from deficit throughout) water regime, which was followed by LLL water regime. The lowest cost of cultivation, net returns, gross returns and B:C ratio was recorded under HFH water regulated regime, which was followed by HFM water regulated regime. The highest cost of cultivation was ₹30717 ha-1, which was observed under regulated regime of no deficit FFF, followed by low deficit LLL and MFM. The HFH regulated regime resulted in the lowest cultivation cost (₹ 25677 ha-1) due to reduced labour requirements for irrigation, harvesting, and threshing operations. Maximum gross returns (₹ 103020 ha-1) were recorded under the regulated regime of no deficit (FFF) which was followed by LLL and MFM. HFH resulted in the lowest gross returns (₹ 59142 ha-1) due to lower grain and straw yields. Maximum net returns (₹72303 ha-1) were observed under deficit free regime FFF. All other regulated regimes produced lower net returns than the deficit free FFF regime. Minimum net returns (₹ 33465 ha-1) were obtained under regulated water deficit regime of HFH. Results are in close proximity with Kanwal et al. (2020), who stated that giving 4 irrigations instead of 2 or 3 irrigations had high yield potential. Gangwar and Lodhi (2018) found that the highest number of irrigations in wheat resulted in highest net returns. Water deficit free regime FFF recorded highest benefit-cost ratio (2.35) due to higher net returns. It was followed by LLL, MFM and FMM regulated regimes. The least benefit-cost ratio (1.30) was recorded under HFH conditions which was followed by HFM. Similar results are reported by Kanwal et al. (2020), who stated that giving 4 irrigations instead of 2 or 3 irrigations had high economic benefit.
4. CONCLUSION
	In wheat crop, under limited water availability, adoption of regulated water deficit regime of 90% ETC (low deficit) at CRI & jointing, flowering and dough stage gave yield and water productivity similar to water deficit free conditions (FFF) with a water saving of 11 per cent. The net returns (₹ 72303 ha-1), benefit-cost ratio (2.35) and returns per unit of water use (₹ 229.89 mm-1) were higher under FFF (water deficit free condition at all stages), but it was closely matched by net returns (₹ 67603 ha-1), benefit-cost ratio (2.26) and returns per unit of water use (₹ 222.81 mm-1) of LLL regulated water regime (90% ETC at all stages).
Table 1 Influence of regulated water levels on water use efficiency indices of wheat crop 
	Regulated water levels 
	Water productivity 
(kg m-3)
	Irrigation water use efficiency
(kg ha-1 mm-1)
	Returns per unit water use
(₹ mm-1)

	T1 (FFF)
	10.56
	35.6
	229.89

	T2 (LLL)
	10.31
	37.3
	222.81

	T3 (MMM)
	9.35
	41.1
	199.40

	T4 (FMM)
	9.73
	40.5
	208.94

	T5 (HFM)
	6.88
	27.5
	128.20

	T6 (MFH)
	7.51
	32.1
	147.19

	T7 (MFM)
	9.79
	38.4
	210.59

	T8 (HFH)
	6.46
	27.7
	116.61

	SEm±
	0.22
	0.9
	6.59

	CD (P=0.05)
	0.68
	2.8
	19.98


Regulated water levels: High (50%), medium (70%), low (90%), free from deficit (100%) ETC
Stages of deficit irrigation: Phase I (CRI and jointing), Phase II (Flowering), Phase III (Dough)

*FFF: Free from deficit at all three phases; LLL: Low deficit at all three phases; MMM: Medium deficit at all three phases; FMM: Free from deficit at phase I, Medium at phase II, Medium at phase III; HFM: High at Phase I, Free from deficit at Phase II, Medium at Phase III; MFH: Medium at Phase I, Free from deficit at Phase II, High at Phase III; MFM: Medium at Phase I, Free from deficit at Phase II, Medium at Phase III; HFH: High at Phase I, Free from deficit at Phase II and High at Phase III

Table 2 Influence of regulated water levels on economics of wheat crop
	Regulated water levels 
	Cost of cultivation
(₹ ha-1)
	Gross returns (₹ ha-1)
	Net returns
(₹ ha-1)
	B:C Ratio

	T1 (FFF)
	30717
	103020
	72303
	2.35

	T2 (LLL)
	29877
	97480
	67603
	2.26

	T3 (MMM)
	27357
	84523
	57166
	2.09

	T4 (FMM)
	28197
	88969
	60772
	2.16

	T5 (HFM)
	26797
	64905
	38108
	1.42

	T6 (MFH)
	27077
	71195
	44118
	1.63

	T7 (MFM)
	29037
	92966
	63929
	2.20

	T8 (HFH)
	25677
	59142
	33465
	1.30
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