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Nutrient Dynamics in Direct-Seeded Rice: Balancing Crop Productivity and Economic Viability via Integrated Nutrient Management.


Abstract
The present investigation was undertaken to study the crop productivity and economic viability of direct-seeded rice via integrated nutrient management, conducted at the College of Agriculture (Kaul), CCS Haryana Agricultural University, Hisar. The experiment was laid out in  a Randomized Block Design with nine treatments involving combinations of two green manures (Sesbania aculeata and Vigna radiata) and varying levels of the recommended dose of nitrogen (RDN) i.e T1 (control), T2 (Dhaincha), T3 (Mungbean), T4 (50% RDN + Dhaincha), T5 (50% RDN+ Mungbean), T6 (75% RDN), T7 (75% RDN + Dhaincha), T8 (75% RDN + Mungbean) and T9 (100% RDN). Yield attribute and the economics of different treatments were analysed at the time of crop harvest. Although the highest plant height (101.1 cm), effective tillers (236.1 m⁻²), grain yield (31.35 q ha⁻¹), and straw yield (46.15 q ha⁻¹) were recorded in T9 (100% RDN), these values were statistically comparable to those in T7. Economic analysis revealed that the highest cost of cultivation (₹93,344/ha) occurred in T8. In comparison, the highest gross (₹1,50,045/ha) and net returns (₹1,50,045/ha), as well as the highest benefit-cost ratio (1.65), were obtained in T9. offering an economic advantage through enhanced grain yield.
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Introduction
Rice (Oryza sativa L.) stands as the most critical food crop of the 21st century, serving as the primary source of calories and nutrition for more than 3.5 billion people worldwide. Beyond its role as a dietary staple, rice is a cornerstone of global food security and rural economies, particularly in Asia, where it accounts for over 90% of global production and consumption (Xie et al., 2022, Mishra et al., 2017).
Direct seeding of rice refers to the process of establishing a rice crop from seeds sown in the field rather than by transplanting seedlings from the nursery (Farooq et al., 2011). A substantial amount of water is needed for the traditional rice establishment system. One kilogram of rough rice is said to require up to 5000 liters of water for its production (Bouman, 2009). Approximately half of all irrigation water used in Asia is allocated to rice cultivation, making it a significant user of freshwater (Barker et al., 1999). Puddling decreases soil permeability and forms a hard pan beneath the plough zone in the conventional transplanting system (TPR). High water losses result from surface evaporation as a consequence of puddling operation in conventional transplanted rice crop. Surface and underground water supplies are depleting, and water has become a constraint in rice production (Farooq et al., 2009a). Rising water scarcity, the water-loving nature of rice cultivation, and increasing labour wages trigger the search for alternative crop establishment methods that can enhance water productivity. The practical way to mitigate the unproductive water flows is to use direct seeded rice (DSR) (Kaur and Singh, 2017). Direct seeded rice (DSR) is a resource conservation technique that requires less labor, water and often matures earlier than transplanted rice (Mahajan et al., 2018).  The cost of producing rice would be greatly reduced by using a direct-seeded technique for lowland rice cultivation (Flinn and Mandac, 1986). In regions with limited water resources, DSR offers an excellent opportunity to modify production methods in order to achieve ideal plant density and high water productivity (Farooq et al., 2011).
Integrated Nutrient Management (INM) is a holistic approach that aims to maintain soil fertility and plant nutrient supply at an optimum level for sustaining desired crop productivity through the optimization of all possible sources of nutrients. In the context of modern rice cultivation, INM involves the strategic combination of chemical fertilizers with organic resources such as farmyard manure (FYM), green manures, crop residues, and bio-fertilizers (Samanta et al. 2024). This synergy is crucial because while synthetic fertilizers provide a concentrated, immediate nutrient release, organic inputs improve the soil's physical architecture and microbiological activity, which are often compromised in intensive Direct-Seeded Rice (DSR) systems. By regulating the supply of nutrients and reducing losses through leaching and volatilization, INM enhances Nutrient Use Efficiency (NUE). Leguminous green manure crops, such as sunhemp, dhaincha, green gram, black gram, and others, are highly valued for their rapid growth, high plant biomass production, and superior cover crops with root nodules and atmospheric nitrogen-fixing capabilities (Rani et al., 2022). Dhaincha (Sesbania rostrata/ Sesbania aculeata) and mungbean (Vigna mungo) are some of the important legumes that are used as green manure. The legumes, which have a short vegetative duration and are used as green manure show advantages in rice-based cropping systems to sustain the productivity of the soil. Dhaincha, a semi-aquatic, fast-growing root and stem nodulating leguminous plant is an alternative for N management in rice production and improvement of soil health. Dhaincha produces nitrogen-fixing nodules in its roots and stems. The organic matter and nitrogen produced by dhaincha enhance the soil health and consequently crop growth (Naher et al., 2020). Mungbean is also an effective green manure crop due to its rapid growth, nitrogen-fixing ability, and short duration. It enriches the soil with organic matter and improves soil structure and fertility. Apart from enhancing soil fertility, green manure crops provide various other advantages. These include preventing soil erosion, improving soil qualities including structure and water-holding ability and providing food for soil microorganisms. Thus, adding green manure regularly before rice sowing could improve crop yield and nutrient availability in addition to soil quality.
Material and method 
	The experiment was conducted at the College of Agriculture (Kaul), CCS Haryana Agricultural University, Hisar, situated in humid sub-tropics at 29.855744 latitude, 76.657608 longitude. 
The experiment was conducted in a Randomized Block Design (RBD) comprising nine treatments with three replications. The treatments included different combinations of green manuring and recommended dose of nitrogen (RDN), namely T₁: Control (no fertilizer and no green manure), T₂: Dhaincha as green manure, T₃: Mungbean as green manure, T₄: 50% RDN + Dhaincha, T₅: 50% RDN + Mungbean, T₆: 75% RDN, T₇: 75% RDN + Dhaincha, T₈: 75% RDN + Mungbean, and T₉: 100% RDN. The experiment was initiated with the sowing of green manuring crops in the 1st week of May, 2024 and their subsequent incorporation in the month of June and followed by the sowing of direct seeded rice crop. The physico-chemical characteristics of the surface soil (0–15 cm) were analyzed prior to the initiation of the experiment and are presented in Table 1.
Table 1: Initial properties of the experimental soil
	Soil texture
	Clay loam

	Bulk density (Mg m-3)
	1.34

	pH
	8.23

	Electrical conductivity (dS m-1)
	0.19

	Organic Carbon (%)
	0.651

	Available N (kg ha-1)
	117

	Available P (kg ha-1)
	23.2

	Available K (kg ha-1)
	318



	For the cultivation of direct seeded rice (DSR), recommended dose of fertilizers was applied as per the package of practice of CCSHAU, Hisar. The recommended dose of fertilizers N₇₅P₃₀K₃₀ kg ha⁻¹ was supplied using 137 kg ha⁻¹ of urea, 65 kg ha⁻¹ of diammonium phosphate (DAP), and 50 kg ha⁻¹ of muriate of potash (MOP). 


Plant tissue analysis
	 The grain and straw samples from each plot were collected, oven dried at 64°C to remove moisture until a constant weight was obtained followed by grinding in a stainless-steel grinder and stored in polythene bags for analysis.   
	An oven-dried 0.5 g rice straw sample was taken and digested with 10ml diacid mixture of H2SO4 and HClO4 in the ratio of 9:1 on a hot plate. After digestion, samples were left to cool overnight and the final volume was made to 50ml with distilled water.
	Nessler's method was used to determine total nitrogen in the plant (Lindner, 1944).  The vanadomolybdate yellow colour method was used for determining the total plant phosphorus (Koenig and Johnson, 1942). Potassium in plant samples was determined by flame photometer (Jackson, 1973).
	For the evaluation of micronutrients, specifically iron, zinc, manganese, and copper, grain and straw samples underwent separate digestion in a di-acid mixture of nitric and perchloric acid at a 4:1 ratio. The analysis of micronutrients in the digested plant material was performed using an Atomic Absorption Spectrophotometer (AAS).   
The uptake of N, P and K was calculated by using the formula:

The micronutrient uptake was calculated by using the formula:

Yield and yield attributes:
	The plant heights of three plants from each plot were measured from the ground to the panicle's tip separately, averaged out and expressed in centimetres. 
	The number of effective tillers were recorded from a randomly selected area of 1 m² within each plot to assess tillering capacity under different treatments.
	Grain and straw weights were recorded on a per-plot basis, and the final yields were computed and expressed as kilograms per hectare (kg ha⁻¹) for standardization and comparison across treatments.
	The harvest index (HI) of rice was calculated as the ratio of economic yield (grain yield) to biological yield (grain + straw yield), and expressed as a percentage to evaluate the efficiency of biomass partitioning towards grain production.
Harvest index =  x 100
Economic Analysis:
	The economic analysis of different treatments was conducted by taking into account the prevailing market prices of inputs and outputs during the experimental period. Cost of cultivation, gross returns, net returns, and benefit-cost (B:C) ratio were calculated to assess the economic viability of each treatment.
Gross returns = Monetary value of grain yield + Monetary value of straw yield
Net returns = Gross returns - Total cost of cultivation
B: C ratio =    
Statistical analysis:
	The data collected throughout this investigation underwent analysis through a randomized block design analysis of variance. To assess the treatment effects, the critical difference (CD) was employed at a significance level of p < 0.05, with the assistance of the OPSTAT software (Sheoran et al., 1998).
Results and Discussion
Nitrogen (N) Content in Grain and Straw
	Among the treatments, T7 (75% RDN + Dhaincha) recorded the highest nitrogen content in grain (1.39%) and straw (0.52%), which was significantly superior to the control (T1). It was followed by T8 (75% RDN + Mungbean; grain: 1.37%, straw: 0.51%) and T9 (100% RDN; grain: 1.36%, straw: 0.51%). The lowest nitrogen content in both grain (1.04%) and straw (0.42%) were recorded under the control treatment (T1).
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	Treatments
	N (%)
	P (%)
	K (%)

	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw

	T1 - Control
	1.04
	0.42
	0.25
	0.14
	0.21
	1.34

	T2 - Dhaincha
	1.17
	0.47
	0.32
	0.16
	0.27
	1.40

	T3 - Mungbean
	1.14
	0.46
	0.31
	0.16
	0.25
	1.38

	T4 - 50% RDN + Dhaincha
	1.31
	0.50
	0.41
	0.19
	0.34
	1.50

	T5 - 50% RDN+ Mungbean
	1.29
	0.49
	0.40
	0.18
	0.33
	1.49

	T6 -75% RDN
	1.28
	0.49
	0.39
	0.18
	0.32
	1.48

	T7   -75% RDN + Dhaincha
	1.39
	0.52
	0.45
	0.20
	0.39
	1.55

	T8 - 75% RDN + Mungbean
	1.37
	0.51
	0.43
	0.19
	0.38
	1.54

	T9 - 100% RDN
	1.36
	0.51
	0.43
	0.19
	0.36
	1.52

	CD (p ≤ 0.05) 
	0.04
	0.02
	0.02
	0.01
	0.01
	0.08

	SE(m)
	0.01
	0.01
	0.01
	0.00
	0.00
	0.03


(*RDN- recommended dose of nitrogen)

Phosphorus (P) Content in Grain and Straw
	The maximum phosphorus content was recorded in T7 (75% RDN + Dhaincha) with 0.45% in grain and 0.20% in straw, which was significantly higher than the control (T1). It was followed by T8 (75% RDN + Mungbean; grain: 0.43%, straw: 0.19%) and T9 (100% RDN; grain: 0.43%, straw: 0.19%). The minimum P content was observed under the control with 0.25% in grain and 0.14% in straw.
Potassium (K) Content in Grain and Straw
	T7 (75% RDN + Dhaincha) recorded the highest potassium content in grain (0.39%) and straw (1.55%), significantly higher than the control (T1). It was followed by T8 (75% RDN + Mungbean; grain: 0.38%, straw: 1.54%) and T9 (100% RDN; grain: 0.36%, straw: 1.52%). The lowest potassium content was found under the control (T1 ), with 0.21% in grain and 1.34% in straw.

Nutrient Uptake

Nitrogen (N) Uptake by Plant (Grain and Straw)
	Among the treatments, T9 (100% RDN) recorded the highest nitrogen uptake with 42.63 kg ha⁻¹ in grain and 23.53 kg ha⁻¹ in straw, which was significantly superior to the control (T1). However, it was statistically at par with T7 (75% RDN + Dhaincha; grain: 42.02 kg ha⁻¹, straw: 23.22 kg ha⁻¹) and T8 (75% RDN + Mungbean; grain: 40.85 kg ha⁻¹, straw: 22.46 kg ha⁻¹). The lowest N uptake was observed in T1 (Control), with 20.98 kg ha⁻¹ in grain and 14.33 kg ha⁻¹ in straw.
Table 3 	Impact of Integrated Nutrient Management on N, P and K uptake of direct seeded rice
	Treatments
	N (kg ha-1)
uptake
	P (kg ha-1)
uptake
	K (kg ha-1)
uptake

	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw

	T1 - Control
	20.98
	14.33
	5.05
	4.78
	4.24
	45.71

	T2 - Dhaincha
	28.40
	17.51
	7.77
	5.95
	6.55
	52.09

	T3 - Mungbean
	26.83
	16.68
	7.30
	5.81
	5.88
	50.06

	T4 - 50% RDN + Dhaincha
	36.87
	21.36
	11.54
	8.12
	9.57
	64.07

	T5 - 50% RDN+ Mungbean
	35.27
	20.42
	10.94
	7.50
	9.02
	62.10

	T6 -75% RDN
	34.79
	20.42
	10.60
	7.51
	8.70
	61.74

	T7   -75% RDN + Dhaincha
	42.02
	23.22
	13.60
	8.93
	11.79
	69.21

	T8 - 75% RDN + Mungbean
	40.85
	22.46
	12.81
	8.36
	11.33
	67.83

	T9 - 100% RDN
	42.63
	23.53
	13.48
	8.77
	11.28
	70.18

	CD (p ≤ 0.05) 
	1.69
	1.13
	0.59
	0.49
	0.58
	4.29

	SE(m)
	0.56
	0.38
	0.20
	0.16
	0.19
	1.42


(*RDN- recommended dose of nitrogen)

Phosphorus (P) Uptake by Plant (Grain and Straw)
	The maximum phosphorus uptake was recorded in T7 (75% RDN + Dhaincha), with 13.60 kg ha⁻¹ in grain and 8.93 kg ha⁻¹ in straw, which was significantly higher than the control (T1). Nevertheless, it showed statistical parity with T9 (100% RDN; grain: 13.48 kg ha⁻¹, straw: 8.77 kg ha⁻¹) and T8 (75% RDN + Mungbean; grain: 12.81 kg ha⁻¹, straw: 8.36 kg ha⁻¹). The lowest phosphorus uptake was noted in the control treatment (grain: 5.05 kg ha⁻¹, straw: 4.78 kg ha⁻¹).
Potassium (K) Uptake by Plant (Grain and Straw)
	T7 (75% RDN + Dhaincha) recorded the highest potassium uptake with 11.79 kg ha⁻¹ in grain and T9 (100% RDN) observed highest values in straw; 70.18 kg ha⁻¹, significantly surpassing the control (T1). These both treatments were found at par with each other in grain and straw uptake. The control (T1) recorded the lowest potassium uptake with 4.24 kg ha⁻¹ in grain and 45.71 kg ha⁻¹ in straw.
Table 4 Impact of Integrated Nutrient Management on Zn, Fe, Mn and Cu content in direct seeded rice
	Treatments
	Zn (mg kg-1)
	Fe (mg kg-1)
	Cu (mg kg-1)
	Mn (mg kg-1)

	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw

	T1 - Control
	19.25
	25.43
	26.41
	41.73
	9.71
	17.28
	15.32
	22.64

	T2 - Dhaincha
	23.73
	29.24
	28.90
	48.42
	10.82
	19.21
	19.27
	27.23

	T3 - Mungbean
	23.47
	28.87
	28.68
	48.13
	10.63
	19.03
	18.89
	26.93

	T4 - 50% RDN + Dhaincha
	23.82
	29.29
	28.98
	48.51
	10.88
	19.32
	19.39
	27.29

	T5 - 50% RDN+ Mungbean
	23.54
	28.92
	28.75
	48.23
	10.67
	19.12
	19.02
	26.97

	T6 -75% RDN
	21.57
	27.24
	27.73
	45.82
	10.23
	18.47
	17.61
	25.42

	T7   -75% RDN + Dhaincha
	23.85
	29.32
	29.01
	48.54
	10.90
	19.35
	19.44
	27.31

	T8 - 75% RDN + Mungbean
	23.57
	28.96
	28.77
	48.26
	10.70
	19.14
	17.65
	26.99

	T9 - 100% RDN
	22.39
	28.13
	28.54
	47.67
	10.45
	18.86
	18.48
	26.17

	CD (p ≤ 0.05)
	0.85
	1.06
	1.36
	1.92
	0.47
	0.88
	1.02
	1.13

	SE(m)
	0.28
	0.35
	0.45
	0.64
	0.16
	0.29
	0.34
	0.38


(*RDN- recommended dose of nitrogen)
	
Zinc (Zn) Content in Grain and Straw
	Among the various treatments, T7 (75% RDN + Dhaincha) recorded the highest zinc content in grain (23.85 mg kg⁻¹) and straw (29.32 mg kg⁻¹), which was found to be significantly superior over the control (T1: 19.25 mg kg⁻¹ in grain and 25.43 mg kg⁻¹ in straw). However, T7 was statistically at par with T4 (50% RDN + Dhaincha), T2 (Dhaincha alone), and T3 (Mungbean alone). The lowest zinc content was observed in the control treatment.
Iron (Fe) Content in Grain and Straw
	The highest iron content was recorded in T7 (75% RDN + Dhaincha), with 29.01 mg kg⁻¹ in grain and 48.54 mg kg⁻¹ in straw. This treatment was significantly superior to the control (T1: 26.41 mg kg⁻¹ in grain and 41.73 mg kg⁻¹ in straw) but statistically at par with T4, T2, and T3. The control recorded the lowest iron concentration in both grain and straw.
Copper (Cu) Content in Grain and Straw
	Treatment T7 (75% RDN + Dhaincha) showed the highest copper content in grain (10.90 mg kg⁻¹) and straw (19.35 mg kg⁻¹), which was significantly higher than the control (T1: 9.71 mg kg⁻¹ in grain and 17.28 mg kg⁻¹ in straw). However, T7 was found to be statistically on par with T4, T2, and T3. The lowest copper content was observed under the control treatment.
Manganese (Mn) Content in Grain and Straw
	The highest Mn content was recorded in T7 (75% RDN + Dhaincha), with 19.44 mg kg⁻¹ in grain and 27.31 mg kg⁻¹ in straw. These values were significantly higher than the control (T1: 15.32 mg kg⁻¹ in grain and 22.64 mg kg⁻¹ in straw) but statistically similar to T4, T2, and T3. The control treatment exhibited the lowest Mn concentration
Zn, Fe, Mn and Cu uptake in direct seeded rice

Zinc (Zn) Uptake by Grain and Straw
Among the treatments, T7 (75% RDN + Dhaincha) recorded the highest zinc uptake in grain (72.08 g ha⁻¹) and straw (130.92 g ha⁻¹), which was significantly superior to the control (T1: 38.85 g ha⁻¹ in grain and 86.72 g ha⁻¹ in straw). However, it was statistically at par with T9 (100% RDN) and T8 (75% RDN + Mungbean). The lowest uptake was observed in the control treatment.
Iron (Fe) Uptake by Grain and Straw
	The maximum iron uptake was observed in T9 (100% RDN), with 80.05 g ha⁻¹ in grain and 219.98 g ha⁻¹ in straw, which was significantly superior to the control (T1: 47.24 g ha⁻¹ in grain and 142.41 g ha⁻¹ in straw). However, T9 was statistically at par with T7 (75% RDN + Dhaincha) and T8 (75% RDN + Mungbean). The control recorded the lowest Fe uptake among all treatments.
Copper (Cu) Uptake by Grain and Straw
	Treatment T7 (75% RDN + Dhaincha) exhibited the highest copper uptake in grain (32.95 g ha⁻¹) and T9 (100% RDN) resulted in highest uptake in straw (87.05 g ha⁻¹), which was significantly higher than the control (T1: 19.60 g ha⁻¹ in grain and 58.92 g ha⁻¹ in straw). However, these were statistically at par with T7 and each other. The lowest Cu uptake was recorded under the control.
Manganese (Mn) Uptake by Grain and Straw
	The highest Mn uptake was recorded in T7 (75% RDN + Dhaincha), with 58.79 g ha⁻¹ in grain and 121.95 g ha⁻¹ in straw, which was significantly superior over the control (T1: 30.93 g ha⁻¹ in grain and 77.25 g ha⁻¹ in straw). T7 was statistically at par with T9 and T8. The lowest uptake was found in the control treatment.
Table 5 Impact of Integrated Nutrient Management on Zn, Fe, Mn and Cu uptake in direct seeded rice
	Treatments
	Zn (g ha-1)
uptake
	Fe (g ha-1)
uptake
	Cu (g ha-1)
uptake
	Mn (g ha-1)
uptake

	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw

	T1 - Control
	38.85
	86.72
	47.24
	142.41
	19.60
	58.92
	30.93
	77.25

	T2 - Dhaincha
	57.60
	108.88
	62.85
	180.35
	26.25
	71.52
	46.72
	101.46

	T3 - Mungbean
	55.23
	104.75
	60.40
	174.55
	25.02
	69.05
	44.45
	97.72

	T4 - 50% RDN + Dhaincha
	67.03
	125.13
	73.14
	207.21
	30.62
	82.53
	54.61
	116.59

	T5 - 50% RDN+ Mungbean
	64.34
	120.46
	70.45
	200.84
	29.19
	79.68
	51.99
	112.24

	T6 -75% RDN
	58.64
	113.62
	67.21
	191.16
	27.80
	77.02
	47.87
	105.98

	T7   -75% RDN + Dhaincha
	72.08
	130.92
	78.63
	216.73
	32.95
	86.41
	58.79
	121.95

	T8 - 75% RDN + Mungbean
	70.27
	127.50
	76.82
	212.44
	31.91
	84.28
	52.59
	118.83

	T9 - 100% RDN
	70.18
	129.76
	80.05
	219.98
	32.75
	87.05
	57.93
	120.75

	CD (p ≤ 0.05) 
	3.27
	6.35
	4.37
	10.54
	1.87
	4.78
	3.34
	6.18

	SE(m)
	1.08
	2.10
	1.45
	3.48
	0.62
	1.58
	1.10
	2.05


(*RDN- recommended dose of nitrogen)
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Plant Height (cm)
	The maximum plant height was recorded in T9 (100% RDN) with 101.1 cm, which was significantly superior to the control (T1: 92.1 cm). However, T9 was statistically at par with T7 (75% RDN + Dhaincha) and T8 (75% RDN + Mungbean). The minimum plant height was observed under the control treatment.
Table 6 	Impact of Integrated Nutrient Management on yield and yield attributes of direct-seeded rice
	Treatments
	Plant
Height
(cm)
	Effective
Tillers
(m-2)
	Grain
Yield
(q ha-1)
	Straw
Yield
(q ha-1)
	HI
(%)

	T1 - Control
	92.1
	204.3
	20.18
	34.11
	37.19

	T2 - Dhaincha
	95.7
	216.4
	24.27
	37.23
	39.46

	T3 - Mungbean
	94.2
	214.1
	23.53
	36.27
	39.35

	T4 - 50% RDN + Dhaincha
	97.7
	227.7
	28.15
	42.72
	39.72

	T5 - 50% RDN+ Mungbean
	97.3
	224.2
	27.34
	41.66
	39.65

	T6 -75% RDN
	97.1
	226.3
	27.18
	41.71
	39.46

	T7   -75% RDN + Dhaincha
	100.6
	233.6
	30.23
	44.65
	40.36

	T8 - 75% RDN + Mungbean
	99.3
	232.7
	29.81
	44.03
	40.37

	T9 - 100% RDN
	101.1
	236.1
	31.35
	46.15
	40.46

	CD (p ≤ 0.05) 
	4.7
	15.1
	1.16
	1.86
	1.42

	SE(m)
	1.6
	5.0
	0.38
	0.61
	0.47


(*RDN- recommended dose of nitrogen)

Effective Tillers (m⁻²)
	Treatment T9 (100% RDN) recorded the highest number of effective tillers (236.1 m⁻²), which was significantly higher than the control (T1: 204.3 m⁻²). Treatments T7 (233.6 m⁻²) and T8 (232.7 m⁻²) were statistically at par with T9 . The lowest number of tillers was observed in the control.
Grain Yield (q ha⁻¹)
	The maximum grain yield was obtained in T9 (100% RDN), which produced 31.35 q ha⁻¹, significantly superior over all other treatments, including the control (T1: 20.18 q ha⁻¹). However, T7 (30.23 q ha⁻¹) and T8 (29.81 q ha⁻¹) were statistically at par with T9. The control recorded the lowest grain yield.
Straw Yield (q ha⁻¹)
	Treatment T9 (100% RDN) recorded the highest straw yield (46.15 q ha⁻¹), which was significantly higher than the control (T1: 34.11 q ha⁻¹). Treatments T7 (44.65 q ha⁻¹) and T8 
(44.03 q ha⁻¹) were statistically similar to T9. The lowest straw yield was observed in the control treatment.
Harvest Index (HI%)
	The highest harvest index was recorded in T9 (100% RDN) at 40.46%, which was significantly higher than the control (T1: 37.19%). However, it was statistically at par with T8 (40.37%), T7 (40.36%), and T4 (39.72%). The lowest HI was found in the control treatment.

Economics of direct seeded rice
	
Table 7 : Impact of Integrated Nutrient Management on economics of direct seeded rice
	Treatments
	Gross
returns
(Rs/ha)
	Cost of
cultivation
(Rs/ha)
	Net
returns
(Rs/ha)
	Benefit:
cost ratio

	T1 - Control
	98319
	83688
	14632
	1.17

	T2 - Dhaincha
	117466
	86005
	31461
	1.37

	T3 - Mungbean
	113886
	86993
	26893
	1.31

	T4 - 50% RDN + Dhaincha
	135434
	91076
	44359
	1.49

	T5 - 50% RDN+ Mungbean
	131544
	92321
	39223
	1.42

	T6 -75% RDN
	130817
	89645
	41172
	1.46

	T7   -75% RDN + Dhaincha
	145273
	91859
	53414
	1.58

	T8 - 75% RDN + Mungbean
	143167
	93344
	49824
	1.53

	T9 - 100% RDN
	150045
	90778
	59268
	1.65


(*RDN- recommended dose of nitrogen)

[bookmark: _Hlk201389531][bookmark: _Hlk201389554]Gross Returns (₹/ha)
	The maximum gross return was recorded in T9 (100% RDN) at ₹1,50,045 ha⁻¹, which was significantly higher than all other treatments. This was followed by T7 (75% RDN + Dhaincha; ₹1,45,273 ha⁻¹) and T8 (75% RDN + Mungbean; ₹1,43,167 ha⁻¹). The minimum gross return was observed in the control (T1: ₹98,319 ha⁻¹).
Cost of Cultivation (₹/ha)
	The highest cost of cultivation was observed in T8 (₹93,344 ha⁻¹), followed by T5 (₹92,321 ha⁻¹) and T4 (₹91,076 ha⁻¹). The lowest cost of cultivation was recorded in the control treatment (T1: ₹83,688 ha⁻¹).
Net Returns (₹/ha)
	The highest net return was obtained in T9 (₹59,268 ha⁻¹), which was significantly higher than all other treatments. T7 (₹53,414 ha⁻¹) and T8 (₹49,824 ha⁻¹) also recorded high net returns. The lowest net return was observed under the control (T1: ₹14,632 ha⁻¹).
Benefit: Cost Ratio
	The highest B:C ratio was observed in T9 (1.65), followed by T7 (1.58), T8 (1.53), and T4 (1.49). These treatments were significantly superior to the control (T1: 1.17). The lowest B: C ratio was recorded under T1, indicating poor economic viability.

Fig. 1 Impact of Integrated Nutrient Management on economics of direct seeded rice

Nutrient content and their uptake
Nitrogen content and uptake: 
	Treatments receiving fertilizers along with green manure incorporation were found to give significantly higher content and uptake of N by rice grain and straw as compared to the control. The increase in N uptake could be due to slow and continuous supply of nutrients (via green manuring and inorganic fertilizers) coupled with reduced nitrogen losses via volatilization or leaching, in green manure incorporated plots (Sandhya Rani et al., 2022). Islam et al. (2019) also noted that green manure not only adds N in soil but also takes up residual N from deep soil horizons to the top soil by their deep root system. Similar results were also observed by Qaswar et al. (2019), Yang et al. (2019), Aulakh et al. (2000) and Ladha et al. (2000).
Phosphorus content and uptake: 
	P content and uptake by both grain and straw were significantly higher in treatments with a combination of both green manure and inorganic fertilizers as compared to the control. As inorganic fertilizers (like SSP or DAP) provide an immediate source of available phosphorus and when combined with green manure, this ensures a more continuous and balanced P supply throughout the crop’s growth cycle (Bah et al., 2006). Cavigelli et al. (2003) reported that decomposition of green manures produces organic acid which helps in the solubilisation of fixed phosphorus in soil, thereby increasing P uptake. These findings were supported by Bhavya et al. (2018), Eichler‐Lobermann et al. (2007) and Baskar et al. (2003).
Potassium content and uptake: 
	Significantly higher potassium content and uptake by both grain and straw were recorded in treatments where green manure was integrated with inorganic fertilizers, indicating a synergistic effect on K availability and absorption compared to the control. This synergistic effect ensures both immediate and sustained K availability throughout the crop’s growth. This was likely a result of the green manures like dhaincha and mungbean that contain appreciable amounts of potassium in their tissues and upon decomposition, they release exchangeable K back into the soil, increasing the available K pool (Bahadur et al., 2022) making it available for uptake. Green manure enhances soil organic matter content, which improves CEC, helping soils retain more K in exchangeable (plant-available) form. Comparable findings were reported by Rani et al. (2022), Thimmareddy et al. (2013), and N.P.S. Yaduvanshi (2001).
Zn, Fe, Mn and Cu content and uptake in direct seeded rice
	The content and uptake of essential micronutrients zinc (Zn), iron (Fe), copper (Cu), and manganese (Mn) by both grain and straw were significantly higher in green manured treatments as compared to the control. The improved content and uptake of micronutrients (Zn, Fe, Cu, Mn) in both grain and straw under integrated treatments of green manure and inorganic fertilizers can be attributed to the release of organic acids that enhance micronutrient solubility, increased microbial activity, improved soil organic matter and CEC, and enhanced root absorption capacity. This synergy ensures better availability and plant uptake of micronutrients from the soil (Duhan and Singh, 2002). These findings are in agreement with those of Baral et al. (2023), Mandi et al. (2022), Yadav et al. (2020), Dhaliwal et al. (2019) and Pooniya and Shivay (2013).

Yield attributes: 
		In the present investigation, the plant height (cm) and Effective Tillers (m-2) were found to be significantly influenced by green manure incorporation and nitrogen levels. The maximum plant height and number of Effective Tillers (m-2) were obtained at 100% RDN, which was at par with 75% RDN + Dhaincha, 75% RDN + Mungbean, 75% RDN, 50% RDN + Dhaincha and 50% RDN + Mungbean significantly surpassing the control. This is a consequence of fulfilling the nitrogen requirement with an adequate supply. It might be due to the optimum availability of nitrogen, resulting in more synthesis of photosynthates and a positive source-to-sink relationship. Ullah et al. (2018) also reported that the increase in plant height was because nitrogen increases leaf area which results in high rate of photosynthesis, more production of assimilates and plant dry matter. The results are in conformity with those of Irin et al. (2020), Islam et al. (2019), Sajjad et al. (2019), Kumar et al. (2011) and Amanullah et al. (2009).
Yield of DSR: 
	Rice grain yield was observed to be highest in the treatments with 100% RDN, which was at par with 75% RDN + Dhaincha. Green manuring with dhaincha resulted in higher grain and straw yield as compared to green manuring with mungbean because of the higher biomass of dhaincha, leading to higher mineralization and increased availability of nutrients in the soil for crop uptake. Yield increase might be due to the increase of cation-exchange capacity, available phosphorus and exchangeable potassium, when green manures were incorporated in combination with inorganic fertilizers. Our findings align with the results of Gao et al. (2023), Islam et al. (2019), Duhan and Singh (2002) and Ladha et al. (2000).
	All the nitrogen levels significantly increased the straw yield, obviously by an increase in plant height and number of effective tillers leading to more dry matter production which finally contributed to the straw yield. The nutrients contributed through green manure and nitrogen addition might be the reason for the increase in rice grain and straw yield (Islam et al., 2016). Rice straw yield was also observed to be highest in the treatments with 100% RDN, which was at par with 75% RDN + Dhaincha. The positive contribution of nitrogen on straw yield was also been reported by Islam et al. (2014) and Kumar et al. (2015).
Harvest index: 
	Harvest index is also a measure of the efficiency of crop production which indicates the percentage of total photosynthates converted into economic yield. The highest HI was recorded at 100% RDN which was found statistically at par with 75% RDN + Dhaincha and 75% RDN + Mungbean, and significantly higher than the control. This might be due to the increased nutrient use efficiency, high nutrient availability and balanced supply during the crop growth stages. These results confirm with those of Behera et al. (2021), Kumar et al. (2021), Sarwar et al. (2017) and Pooniya and Shivay (2012).

Economics of direct seeded rice
	The higher gross returns and net returns in the treatment with 100% RDN resulted in the highest Benefit: Cost ratio. This was due to the higher grain and straw yield. The high B: C ratio under 100% RDN was obtained because the incremental yield and returns significantly surpassed the additional cost of fertilizers, making it economically beneficial. 75% RDN + Dhaincha/Mungbean also resulted in nearly equal B: C ratio. Integrated treatments also support long-term soil fertility and sustainability, offering economic and ecological advantages. These results were supported by findings of Rautaray et. al (2020) and Kumar et al. (2011).

Conclusion
The present investigation clearly demonstrated that integrated nutrient management through the incorporation of green manures in combination with inorganic fertilizers significantly improved nutrient dynamics, crop productivity, and economic returns in direct-seeded rice under Inceptisols of Haryana. Application of green manure, particularly dhaincha, in conjunction with recommended nitrogen levels enhanced macro- and micronutrient content (N, P, K, Zn, Fe, Cu, and Mn) and their uptake by both grain and straw compared to sole fertilizer application and control. Although the highest values for plant height, effective tillers, grain yield (31.35 q ha⁻¹), straw yield (46.15 q ha⁻¹), net returns (₹59,268 ha⁻¹), and benefit-cost ratio (1.65) were recorded under 100% RDN, these were statistically at par with 75% RDN + dhaincha. The treatment 75% RDN + dhaincha consistently produced superior nutrient content and uptake and achieved grain yield (30.23 q ha⁻¹) and economic returns comparable to 100% RDN, indicating that 25% nitrogen fertilizer could be saved without compromising productivity.
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