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Abstract
A field experiment was conducted during Rabi 2024-25 to study on performance of maize under different irrigation schedules with different sowing dates was conducted at Agricultural College Mahanandi, ANGRAU during Rabi 2024-25 and found in this research study, furrow irrigation with different irrigation schedules was studied. It is also required to study the water management techniques such as alternate furrow irrigation and paired row furrow irrigation with the above recommended date of sowing date and irrigation scheduling. Initial soil infiltration is found to be 20.4 cm/h and infiltration capacity or constant infiltration capacity of the soil is found to be 1.2 cm/h . Permeability of the soil is found to be 1.019 x 10-6 m/s. Crop water requirement of maize is found to be 429.9 mm for entire crop period. The average irrigation water used for T1(Conventional furrow irrigation) found to be higher with 520.8 mm followed by T6 (Drip irrigation with normal planting), T3 (Skip fixed furrow irrigation), T2 (Alternate furrow irrigation), T4 (Furrow irrigation with paired row planting) and T5 (Drip irrigation with paired row planting) with 443.06, 366.27, 354.12, 332.09 and 221.52 mm respectively. However, highest Water Use Efficiency (WUE) were recorded in T5 (paired row furrow with drip irrigation with 30.34 kg ha-1mm-1.  Water Use Efficiency (WUE) of T2, T3, T4 with 15.83, 14.94 and 15.76 kg ha-1mm-1 respectively is on par with T6(Drip irrigation with normal planting) with 17.69 kg ha-1mm-1. Drip irrigation systems consistently outperformed furrow-based methods in terms of both yield and water savings. T₆ (Drip irrigation with normal planting) recorded the highest grain yield (7836 kg ha⁻¹), attributable to uniform and timely moisture supply throughout the crop growth period. Conversely, T₅ (Drip irrigation with paired-row planting) achieved the maximum water use efficiency (30.34 kg ha⁻¹ mm⁻¹), despite receiving the lowest irrigation volume, highlighting its superior capacity to convert limited water into economic yield.
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Introduction: 
Efficient irrigation water management remains fundamental for improving water use efficiency (WUE) in regions characterized by limited and variable water availability. Despite this necessity, the optimization of scarce water resources through context-appropriate furrow irrigation systems is seldom practiced in arid and semi-arid zones of India and similar agroecological settings. At the same time, global freshwater demand—particularly for domestic uses—is increasing rapidly, and agriculture accounts for approximately 91% of total water withdrawals (Admasu et al., 2017;Melkie et al., 2024). Cereal crops alone utilize nearly 50% of the water applied for food production. In India, for example, annual consumptive water use is estimated at 221 billion cubic meters (BCM) for rice, 82.7 BCM for wheat, and 18.02 BCM for maize. Groundwater represents an indispensable resource for global food security, supporting roughly 40% of irrigated agriculture; however, it is being depleted at alarming rates. In southern India, groundwater losses have reached an estimated 22.10 gigatons per year, underscoring the urgent need to promote aquifer recharge and expand water-conserving agronomic practices to sustain future food production (DeFries et al., 2023).
Maize (Zea mays L.) is one of the world’s leading cereal crops, accounting for about 36% of global grain output and demonstrating substantial adaptability across diverse climates and soil conditions. Its cultivation continues to expand in both irrigated and rainfed ecosystems. Nevertheless, the combined pressures of erratic rainfall and groundwater depletion threaten the long-term sustainability of maize production (Golzardi et al.,2017; Halli et al., 2021). Although water is essential for crop growth, approximately 60–70% of irrigation water is commonly lost through runoff, leaching, and deep percolation, resulting in suboptimal WUE. Agronomic practices, including planting geometry and irrigation scheduling, strongly influence plant physiological processes, nutrient uptake, and productivity, thereby offering avenues for improving WUE. Deficit irrigation has emerged as a viable strategy to partially satisfy crop water requirements while enhancing the plant’s capacity to access and utilize soil moisture efficiently. This approach also exploits the biochemical and physiological responses triggered under mild to moderate water stress. Maize exhibits a relatively high degree of tolerance to water deficit, supported by traits such as leaf number, stomatal density, leaf orientation, root length, root biomass, and delayed leaf senescence. Planting methods further contribute to soil moisture conservation and improved crop performance. For instance, modified furrow planting has been shown to enhance WUE and seed yield in black gram, whereas ridge planting in maize has produced higher leaf area index, 1000-grain weight, grain yield, and WUE compared with flat and bed systems. Enhanced root development, nitrogen uptake, and grain yield have similarly been reported when maize is grown in shallow furrows or deep ridge-furrow systems on clay soils (El-Halim et al., 2014).
Despite these findings, limited research has examined the interaction between planting methods and irrigation levels in shaping maize physio-morphological traits, grain yield, and WUE under field conditions. Moreover, conventional practices involving frequent irrigation in deep and wide furrows result in substantial seasonal water consumption, often achieving only 30–50% WUE. Given that the global mean water productivity of maize is estimated at 1.80 kg m⁻³, with reported values ranging from 1.1 to 2.7 kg m⁻³, significant opportunities exist to increase agricultural output while reducing water use by 20–40%. In this context, the present study investigates the combined effects of deficit irrigation and planting methods on summer maize cultivated on vertisols in the semi-arid region of southern India. This region contributes 13.66% of India’s maize area and 17.6% of national production, yet faces severe water scarcity and mounting pressure to maintain food production. The study aims to elucidate the influence of irrigation regimes and planting configurations on maize physio-morphology, grain yield, and WUE. The findings provide critical insights into the potential of deficit irrigation as a water-saving strategy capable of improving maize productivity while supporting sustainable groundwater management.


Materials & Methods: 
A field experiment was conducted during the Rabi season of 2024–25 at the Agricultural College, Mahanandi, ANGRAU, to evaluate the performance of maize under different irrigation schedules and sowing dates. The experiment was laid out in a Randomized Block Design (RBD) comprising six irrigation treatments, each replicated four times:
T₁: Conventional furrow irrigation 
  T₂: Alternate furrow irrigation 
  T₃: Skip fixed furrow irrigation  
T₄: Furrow irrigation with paired row planting
T₅: Drip irrigation with Paired row planting
T₆: Drip irrigation with normal planting
The experimental soil was a sandy loam red soil, low in organic carbon (0.36%) and available nitrogen (122 kg ha⁻¹), but high in available phosphorus (69.5 kg P₂O₅ ha⁻¹) and potassium (642 kg K₂O ha⁻¹). Prior to sowing, a composite soil sample from the 0–20 cm depth was collected and analyzed in the laboratory. Soil pH and electrical conductivity (EC) were measured in a 1:2 soil–water suspension using standard meters following Jackson (1973). Organic carbon was estimated using the Walkley and Black (1934) rapid titration method. Available nitrogen was determined by the alkaline permanganate method (Subbiah & Asija, 1956), phosphorus by Olsen’s extraction method (Olsen et al., 1954), and potassium by the ammonium acetate extraction method (Jackson, 1973). DTPA-extractable micronutrients (Zn, Cu, Fe, and Mn) were quantified using an Atomic Absorption Spectrophotometer (AAS) according to Lindsay and Norvell (1978).
Maize was sown in the second week of November at a spacing of 20 × 15 cm. Fertilizers were applied as per treatment specifications, and all other agronomic operations were undertaken following standard recommendations for maize cultivation. The crop was harvested 120 days after sowing. Growth and yield observations, including plant height and yield components, were recorded from ten randomly selected plants per plot. Grain and stover yields were obtained from the net plot area and expressed in kg ha⁻¹. Water use efficiency (WUE) was computed as:
WUE = Crop yield / Evapotranspiration
All collected data were subjected to statistical analysis using analysis of variance (ANOVA) to assess the significance of treatment effects.

Results and Discussion
The initial infiltration characteristics of the experimental soil revealed an infiltration rate of 20.4 cm h⁻¹, which subsequently declined to a constant infiltration capacity of 1.2 cm h⁻¹ as equilibrium was achieved (Fig. 1). These values indicate that the soil exhibits a rapid initial intake of water, typical of sandy loam textures, followed by stabilization at a much lower infiltration capacity. The measured soil permeability, 1.019 × 10⁻⁶ m s⁻¹, further supports the classification of the soil as moderately permeable (Table 1.1), which has direct implications for irrigation scheduling and potential losses through deep percolation. The total crop water requirement for maize over the entire growth period was estimated at 429.9 mm, aligning with typical water needs in semi-arid environments during the Rabi season 9 (Fig 2). However, the actual irrigation water applied varied considerably across treatments due to differences in irrigation methods and water delivery mechanisms.
Among all treatments, T₁ (Conventional furrow irrigation) required the highest volume of irrigation water, amounting to 520.8 mm, substantially exceeding the calculated crop water requirement. This surplus likely contributed to inefficient water use due to increased runoff and deep percolation losses commonly associated with continuous flow furrow systems. Treatments T₆ (Drip irrigation with normal planting) and T₃ (Skip-fixed furrow irrigation) followed with 443.06 mm and 366.27 mm, respectively. T₂ (Alternate furrow irrigation) and T₄ (Furrow irrigation with paired-row planting) used comparatively lower amounts of water, 354.12 mm and 332.09 mm, respectively. The lowest irrigation volume was recorded under T₅ (Drip irrigation with paired-row planting) at only 221.52 mm, indicating the superior water-saving potential of drip systems (Table 1.2) (Davis et al 2018 ; Wang et al. 2018).
Grain yield performance differed markedly among treatments. The highest yield was obtained under T₆ (Drip irrigation with normal planting), which produced 7836 kg ha⁻¹. This superior yield can be attributed to the precise and uniform water application characteristic of drip irrigation, which maintains optimal soil moisture conditions throughout critical growth stages. It was followed by T₅ (Drip irrigation with paired-row planting) with 6720 kg ha⁻¹ and T₁ (Conventional furrow irrigation) with 6149 kg ha⁻¹, indicating that while conventional furrow irrigation delivered ample water, it did so inefficiently and without consistent moisture availability similar results were reported by Khan et al., 2012; Benjamin kayatz et al., 2015; Sah et al., 2020). 
Intermediate yields were recorded in T₂ (Alternate furrow irrigation) at 5605 kg ha⁻¹ and T₃ (Skip-fixed furrow irrigation) with 5472 kg ha⁻¹, both of which provided reduced but strategically applied irrigation. The lowest yield of 5233 kg ha⁻¹ occurred under T₄ (Furrow irrigation with paired-row planting), likely due to reduced soil moisture availability in the root zone combined with increased plant competition for limited water resources. Water use efficiency (WUE) exhibited even more pronounced differences across treatments. The highest WUE was achieved in T₅ (Drip irrigation with paired-row planting), recording 30.34 kg ha⁻¹ mm⁻¹, despite its lower absolute yield compared to T₆. This highlights the exceptional efficiency of drip irrigation in producing higher yields per unit of water applied. T₆ (Drip irrigation with normal planting) registered a WUE of 17.69 kg ha⁻¹ mm⁻¹, which, although higher-yielding, was surpassed by T₅ due to its greater irrigation water usage.
Among furrow-based treatments, T₂ (15.83 kg ha⁻¹ mm⁻¹), T₃ (14.94 kg ha⁻¹ mm⁻¹), and T₄ (15.76 kg ha⁻¹ mm⁻¹) achieved WUE values statistically comparable to that of T₆, emphasizing that improved furrow irrigation strategies can also enhance water productivity when appropriately managed (Table 3). These results collectively demonstrate that drip irrigation systems—particularly when combined with paired-row planting—are highly effective in conserving water and maximizing WUE, even under limited irrigation conditions. At the same time, modified furrow irrigation methods such as alternate and skip-fixed furrows provide viable intermediate options where drip infrastructure is unavailable. According to Tigabie Setu et al., 2023, variation in maize yield might be due to the influence of crop characteristics, irrigation methods, level of water deficit, and climatic conditions of the area. The effect of the furrow irrigation system and irrigation level on maize agronomy attributes and grain yield were highly significant and also reported that an increase in water application depth favors the photosynthesis rate and decreases the respiration rate, which results in high dry matter production. 
The findings corroborate the reports of Halli et al. (2021), Tigabie Setu et al. (2023), and Tadesse Melkie et al. (2024), who similarly observed higher yields and improved WUE in maize under drip irrigation and optimized furrow irrigation practices. These studies emphasize the critical role of irrigation scheduling and planting configuration in enhancing maize productivity in water-limited environments.

Fig. 1. Soil Infiltration characteristics of the experimental site
Table:1.Parameters of permeability test of soil
	Parameter 
	Particulars

	Method followed
	Darcy’s law 

	Hydraulic head
	Constant head method

	Diameter of the core
	5 cm

	Hydraulic head
	7 cm

	Lenth of soil column
	9 cm

	Discharge collected 
	12 ml

	Permeability
	1.0919x10-6 m/s




Fig. 2 Irrigation requirement of Maize crop

Table 2. Details of stream size, irrigation duration and volume of water used under different treatments 
	Irrigation No
	Date
	Stream size (lps)
	Duration of irrigation
	Volume of irrigation water

	
	
	
	T1
	T2
	T3
	T4
	T1
	T2
	T3
	T4
	T5*
	T6*

	1
	22.11.2024
	3.00
	12.24
	12.24
	12.24
	12.24
	2.20
	2.20
	2.20
	2.20
	1.15
	2.30

	2
	03.12.2024
	3.00
	10.20
	10.20
	10.20
	10.20
	1.84
	1.84
	1.84
	1.84
	0.96
	1.92

	3
	12.12.2023
	3.00
	10.20
	10.20
	10.20
	10.20
	1.84
	1.84
	1.84
	1.84
	0.96
	1.92

	4
	22.12.2024
	4.25
	11.35
	6.76
	7.20
	6.31
	2.72
	1.62
	1.73
	1.52
	0.93
	1.86

	5
	02.01.2025
	3.75
	12.56
	7.20
	7.78
	6.57
	2.64
	1.51
	1.63
	1.38
	0.92
	1.83

	6
	11.01.2025
	3.50
	13.77
	9.06
	8.80
	7.65
	2.68
	1.76
	1.71
	1.49
	0.92
	1.84

	7
	20.01.2025
	4.50
	11.79
	6.38
	6.69
	5.87
	3.01
	1.62
	1.70
	1.50
	1.12
	2.24

	8
	30.01.2025
	3.75
	12.75
	7.27
	7.78
	6.63
	2.72
	1.55
	1.66
	1.42
	1.33
	2.66

	9
	09.02.2025
	4.00
	10.77
	6.25
	6.69
	5.87
	2.43
	1.41
	1.51
	1.32
	1.42
	2.84

	10
	19.02.2025
	5.50
	10.08
	5.74
	6.12
	5.10
	3.17
	1.81
	1.93
	1.61
	1.04
	2.08

	11
	27.02.2025
	4.00
	10.33
	5.74
	6.18
	5.29
	2.20
	2.20
	2.20
	2.20
	1.15
	2.30

	Total Irrigation (m3) per 48 m2 area 
	25.00
	17.00
	17.58
	15.94
	10.64
	21.27

	Total Irrigation (m3) per ha  
	5208.53
	3541.14
	3662.63
	3320.92
	2215.27
	4430.54

	Total Irrigation (mm)
	520.86
	354.12
	366.27
	332.09
	221.52
	443.06


* Initial three irrigation are common
Table 3. Yield and Water Use Efficiency of Maize 
	Treatment 
	Yield (kg ha-1) 
	Irrigation water (mm)
	WUE (kg ha-1mm-1) 

	T 1
	6149
	520.86
	11.81

	T 2
	5605
	354.12
	15.83

	T 3
	5472
	366.27
	14.94

	T 4
	5233
	332.09
	15.76

	T 5
	6720
	221.52
	30.34

	T 6
	7836
	443.06
	17.69

	C.D.
	467.3
	
	

	SE(m)
	158.4
	
	

	C.V.
	8.4
	
	



Fig. 3. Graphical presentation showing yield of maize

[bookmark: _Hlk214626366]Conclusions: The study demonstrated that irrigation method and planting arrangement exert a significant influence on maize productivity, irrigation water use, and water use efficiency under semi-arid Rabi season conditions. Drip irrigation systems consistently outperformed furrow-based methods in terms of both yield and water savings. T₆ (Drip irrigation with normal planting) recorded the highest grain yield (7836 kg ha⁻¹), attributable to uniform and timely moisture supply throughout the crop growth period. Conversely, T₅ (Drip irrigation with paired-row planting) achieved the maximum water use efficiency (30.34 kg ha⁻¹ mm⁻¹), despite receiving the lowest irrigation volume, highlighting its superior capacity to convert limited water into economic yield.
Among the surface irrigation treatments, alternate and skip-furrow methods enhanced WUE compared with conventional furrow irrigation, demonstrating that modified furrow systems can serve as practical water-saving alternatives where drip systems are not feasible. Conventional furrow irrigation applied the highest volume of water (520.8 mm) yet resulted in comparatively moderate WUE, indicating substantial losses through runoff and deep percolation. Overall, the results emphasize that drip irrigation—particularly when integrated with paired-row planting—provides the most efficient strategy for maximizing yield while minimizing water use. Improved furrow irrigation techniques also offer considerable benefits and should be promoted in regions where resource or infrastructure limitations restrict the adoption of drip systems. These findings reaffirm the critical role of optimized irrigation scheduling and planting geometry in enhancing maize productivity and sustaining groundwater resources in semi-arid agro-ecosystems.
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Yield (kg ha-1) 	T 1	T 2	T 3	T 4	T 5	T 6	6149	5605	5472	5233	6720	7836	Irrigation water (mm)	T 1	T 2	T 3	T 4	T 5	T 6	520.86	354.12	366.27	332.09	221.52	443.06	