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ABSTRACT 
	Aims: Indian mustard (Brassica juncea L.) is a key oilseed crop in India but faces yield constraints from climatic variability, nutrient imbalances, and biotic stresses. This study evaluated the effects of integrating biofertilizers with graded levels of recommended dose of fertilizers (RDF) on growth, yield components, seed and oil yield, and profitability under subtropical conditions.
Study design:  Randomized Block Design.
Place and Duration of Study: Experiment was planned and carried out at the Student’s Instructional Farm (SIF) at the research farm of the R.M.P. (P.G.) College Gurukul Narsan (Haridwar) during Rabi season 2023-24.
Methodology: Seven treatments and three replications compared Control (T1), 25% RDF + Rhizobium (T2), 50% RDF + Azotobacter (T3), 75% RDF + Azospirillum (T4), 50% RDF + Azotobacter + Azospirillum (T5), 75% RDF + Rhizobium + Azotobacter (T6) and 100% RDF + Rhizobium + Azotobacter (T7) using variety ‘Kranti’ on sandy loam soil (pH 7.8; available N 185 kg/ha; P 15.25 kg/ha; K 265 kg/ha) with standard cultural practices.
Results: T7 showed significantly enhanced growth traits (e.g., plant height at harvest 128.5 cm; LAI 3.70 at 45 DAS; dry matter 38.85 g/plant), yield attributes (siliquae/plant 225; seeds/siliqua 17.9; 1000-seed weight 4.12 g), and seed yield (1116 kg/ha) relative to Control and lower RDF combinations, while oil yield peaked with T7 (427 kg/ha) and oil content ranged narrowly (approx. 38.2–39.4%) with the highest content under 50% RDF + Azotobacter + Azospirillum (39.4%). Economic analysis indicated maximum gross return (₹31,677/ha), net return (₹18,054/ha), and return per rupee invested (1.32) in T7, closely followed by 75% RDF + Rhizobium + Azotobacter and 75% RDF + Azospirillum, demonstrating the agronomic and economic advantage of integrating biofertilizers with recommended fertilization in Indian mustard
Conclusion: Findings support adopting 100% RDF with Rhizobium + Azotobacter as a superior package, with 75% RDF + Rhizobium + Azotobacter or 75% RDF + Azospirillum as efficient alternatives where input optimization is prioritized.
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1. INTRODUCTION
Indian mustard (Brassica juncea L.) is among India’s most important oilseed crops, contributing notably to national edible oil supply and occupying a significant share of global acreage and production, yet its average productivity remains constrained by erratic climate, pests and diseases, nutrient imbalances, and suboptimal agronomic practices. Integrated nutrient management combining mineral fertilizers with biofertilizers can enhance nutrient availability, support root growth, and improve crop performance by supplementing nitrogen fixation, phosphate solubilization, and the production of phytohormone-like substances in the rhizosphere. Azotobacter and Azospirillum augment N supply and solubilize P, while Rhizobium and phosphate-solubilizing bacteria improve nutrient cycling and plant vigor even in non-legumes through associative interactions and improved rhizosphere processes. Literature indicates improved growth, yield attributes, seed yield, oil content, and economic returns in mustard with biofertilizer integration, especially under optimized NPK and sulfur regimes and with organic inputs such as FYM or vermicompost, highlighting scope for fertilizer saving and sustainable productivity gains. This study aimed to quantify the effects of graded RDF levels and biofertilizer combinations on growth dynamics, yield components, seed and oil yield, and profitability of Indian mustard under the Gangetic plain conditions of Uttarakhand to identify efficient input packages for higher productivity and returns. 

2. material and methods / experimental details / methodology 
2.1 Experimental site and soil
The field experiment was conducted at the Research Farm, Department of Agronomy, R.M.P. (P.G.) College, Gurukul Narsan, Haridwar, Uttarakhand, during Rabi 2023–24 under a subtropical, semi-arid climate with cool winters and monsoonal rainfall, using variety ‘Kranti’ and sandy loam soil (sand 60.5%, silt 20.3%, clay 19.2%; pH 7.8) with organic carbon 0.60 g kg−1, CEC 15.30 meq 100 g−1, available N 185 kg/ha, P 15.25 kg/ha, and K 265 kg/ha. Weekly agrometeorological data indicated cool, humid conditions through vegetative and reproductive phases with limited in-season rainfall, and irrigations were applied at critical stages.

2.2 Experimental design and treatments
A randomized block design (RBD) with three replications compared seven treatments: T1 Control; T2 25% RDF + Rhizobium; T3 50% RDF + Azotobacter; T4 75% RDF + Azospirillum; T5 50% RDF + Azotobacter + Azospirillum; T6 75% RDF + Rhizobium + Azotobacter; T7 100% RDF + Rhizobium + Azotobacter. Plots measured 4 m × 5 m (gross) and 3.2 m × 4 m (net), with 30 cm row spacing and approximately 10 cm intra-row spacing maintained after thinning at 20 DAS to achieve ~3.33 lakh plants/ha stand density.
 
2.3 Crop husbandry and inputs
Well-decomposed FYM @ 5 t/ha was uniformly applied at land preparation, MOP @ 25 kg K2O/ha was placed at sowing, and urea and DAP supplied N and P as per RDF levels in each treatment, with N split half at sowing and half at 24 DAS coinciding with weeding and hoeing. Seeds were slurry-inoculated with the specified biofertilizer(s) per treatment, dried in shade, and sown on 25 October 2023 at 7.5 kg/ha seed rate in north–south orientation; irrigations were scheduled at 23 and ~36–50 DAS after a pre-sowing irrigation, and hand weeding/hoeing operations were performed around 24–26 DAS. Standard plant protection measures against aphids and leaf webbers were adopted, and the crop was harvested when ~90% Siliquae turned yellow; sample plants were dried, and plot-wise seed and stover yields were recorded after proper drying and cleaning. 

2.4 Observations
Pre-harvest observations included plant height, number of primary and secondary branches, number of functional leaves, leaf area, leaf area index (LAI), and dry matter accumulation (15-day intervals from 15 DAS to 60 DAS and at harvest), while post-harvest observations included total Siliquae/plant, siliqua length, seeds/siliqua, 1000-seed weight, seed yield, stover yield, seed: stover ratio, harvest index, oil content (ether extraction), and oil yield (computed as oil content × seed yield). Economic analysis computed gross and net returns and benefit–cost ratio (B: C) from prevailing input and output prices, and all yields were expressed on a per-hectare basis. 



2.5 Statistical analysis 
Data were analysed by ANOVA appropriate for RBD at 5% significance, and SEm± and CD (0.05) were reported where F-tests were significant, following standard procedures for agricultural experimentation. 

3. results and discussion
3.1 Growth dynamics
Plant height increased steadily to harvest, with the maximum increase between 30 and 45 DAS; T7 recorded the tallest plants at harvest (128.5 cm), statistically at par with T6 (124.5 cm), while Control had the shortest stature (101.0 cm). Primary and secondary branches increased up to ~60 DAS; T7 produced the most primary branches (7.17) and secondary branches (9.33) per plant, followed by T6, whereas Control remained lowest (primary 5.53; secondary 4.21). Functional leaves peaked at 45 DAS and declined thereafter, with T7 achieving the highest leaves/plant at 45 DAS (18.8) closely followed by T6, and Control recording the fewest (10.2) at that stage. LAI peaked at 45 DAS; T7 achieved LAI 3.70, significantly higher than all other treatments, while Control had the lowest LAI 1.74 at the same stage, reflecting pronounced canopy development with biofertilizer integration at higher RDF. Dry matter accumulation rose through to harvest; T7 attained the maximum dry matter at harvest (38.85 g/plant), approximately 18% higher than T4 and more than double the Control (18.04 g/plant), indicating strong sink development under 100% RDF with Rhizobium + Azotobacter. 

3.2 Yield attributes
T7 produced the highest number of Siliquae/plant (225), followed by T6 (209), while T4 achieved 187.7 and Control 104, demonstrating a consistent trend with nutrient and biofertilizer intensification. Siliqua length, seeds/siliqua, and 1000-seed weight were also maximized under T7 (7.2 cm; 17.9; 4.12 g, respectively), with values in T6 and T4 close behind and Control the lowest (4.5 cm; 11.2; 3.51 g). These yield components collectively explain the seed yield advantage recorded under integrated treatments. 
Seed and stover yield, harvest index
Seed yield peaked with T7 (1116 kg/ha), statistically comparable trends observed for T6 (1033 kg/ha) and T4 (1035 kg/ha), while Control recorded the lowest yield (785 kg/ha). Stover yield followed a similar pattern, with T7 at 1716 kg/ha and Control at 1509 kg/ha, reflecting enhanced biomass and partitioning under integrated nutrient management. Seed: Stover ratio and harvest index were highest under T7 (0.65; 39.40%), at par or closely followed by T6, and lowest under Control (0.52; 34.21%), indicating improved harvestable proportion with higher RDF + biofertilizer treatments. 

3.3 Oil content and oil yield
Oil content varied within a narrow band across treatments, with the highest content under 50% RDF + Azotobacter + Azospirillum (39.4%), followed by 75% RDF + Rhizobium + Azotobacter (38.8%), while Control recorded 30.04% due to overall poor plant nutrition and sink strength, and T7 maintained a competitive 38.3%. Oil yield, driven primarily by seed yield, was highest under T7 (427 kg/ha), followed by T6 (401 kg/ha) and T4 (395 kg/ha), and was lowest under Control (309 kg/ha), affirming the advantage of integrating biofertilizers at adequate RDF. 

3.4 Economics
Gross return, net return, and return per rupee invested were maximized under T7 (₹31,677/ha; ₹18,054/ha; 1.32), closely followed by T6 (₹29,347/ha; ₹15,974/ha; 1.19) and T4 (₹29,419/ha; ₹15,813/ha; 1.16), reflecting positive marginal returns from improved yields despite slightly higher cultivation costs in integrated treatments. Control recorded the lowest gross return (₹22,357/ha), net return (₹9,753/ha), and return per rupee invested (0.77), indicating the economic inefficiency of inadequate nutrient supply in mustard under the tested conditions.
 





[bookmark: _GoBack]
Table 1. Growth parameters
	Treatment
	Plant Height at harvest (cm)
	Primary Branches (harvest)
	Secondary branches    (harvest)
	LAI at 45 DAS
	Dry matter at harvest (g/plant)

	T1 (Control)
	101.0
	5.53
	4.21
	1.74
	18.04

	T2 (25% RDF+ Rhizobium)
	104.1
	6.07
	6.27
	2.49
	21.86

	T3 (50% RDF + Azotobactor)
	106.8
	6.55
	6.37
	2.81
	26.86

	T4 (75% RDF + Azospirillum)
	109.4
	6.74
	7.10
	3.52
	32.95

	T5 (50% RDF + Azo + Azo)
	119.8
	6.62
	7.30
	2.87
	25.85

	T6 (75% RDF + Rhizobium + Azotobacter)
	124.5
	6.83
	9.07
	3.29
	33.09

	T7 (100% RDF + Rhizobium + Azotobacter)
	128.5
	7.17
	9.33
	3.70
	38.85



Table 2. Yield attributes
	Treatment
	Siliquae/plant
	Siliqua length (cm)
	Seeds/siliqua
	1000-seed wt (g)
	Seed yield (kg/ha)
	Stover yield (kg/ha)
	Seed stover
	HI (%)

	T1 (Control)
	104
	4.5
	11.2
	3.51
	785
	1509
	0.52
	34.21

	T2 (25% RDF+ Rhizobium)
	122.3
	4.9
	12.4
	3.70
	825
	1527
	0.54
	35.07

	T3 (50% RDF + Azotobactor)
	149.7
	5.6
	14.5
	3.77
	916
	1607
	0.57
	36.30

	T4 (75% RDF + Azospirillum)
	187.7
	6.8
	16.1
	3.88
	1035
	1754
	0.59
	37.11

	T5 (50% RDF + Azo + Azo)
	175.7
	5.2
	13.1
	3.90
	968
	1668
	0.58
	36.72

	T6 (75% RDF + Rhizobium + Azotobacter)
	209
	6.3
	16.5
	3.99
	1033
	1693
	0.61
	37.89

	T7 (100% RDF + Rhizobium + Azotobacter)
	225
	7.2
	17.9
	4.12
	1116
	1716
	0.65
	39.40



Table 3. Oil metrics and economics
	Treatment
	Oil content (%)
	Oil yield (kg/ha)
	Gross return (₹/ha)
	Cost of cultivation (₹/ha)
	Net return (₹/ha)
	B:C

	T1 (Control)
	30.04
	309
	22,357
	12,604
	9,753
	0.77

	T2 (25% RDF+ Rhizobium)
	38.7
	319
	23,481
	13,105
	10,376
	0.79

	T3 (50% RDF + Azotobactor)
	38.4
	352
	26,050
	13,356
	12,629
	0.94

	T4 (75% RDF + Azospirillum)
	38.2
	395
	29,419
	13,606
	15,813
	1.16

	T5 (50% RDF + Azo + Azo)
	39.4
	381
	27,521
	13,122
	14,399
	1.09

	T6 (75% RDF + Rhizobium + Azotobacter)
	38.8
	401
	29,347
	13,373
	15,974
	1.19

	T7 (100% RDF + Rhizobium + Azotobacter)
	38.3
	427
	31,677
	13,623
	18,054
	1.32



Discussion
Enhanced growth and canopy development under integrated treatments, particularly T7 and T6, reflect improved nitrogen supply, phosphate availability, and rhizosphere-mediated growth promotion, consistent with the known roles of Azotobacter and Azospirillum in N-fixation, P-solubilization, and synthesis of bioactive compounds that stimulate root and shoot growth in oilseed Brassicas. The pronounced increase in LAI and dry matter by 45–60 DAS under T7 indicates a robust source capacity and assimilate supply, which translated into higher numbers of Siliquae, seeds per siliqua, and test weight, collectively driving higher seed yields relative to partial RDF or Control. Yield component improvements parallel literature reports where biofertilizer inoculation, in conjunction with balanced NPK (and often sulfur), increases harvestable sink size and seed weight in mustard systems under varied agro-climates, supporting the generalizability of these results. 
The narrow range of oil content across treatments, with a slight edge for 50% RDF + Azotobacter + Azospirillum, suggests that oil biosynthesis in this environment was less constrained by fertilization intensity and more associated with genotype and assimilate partitioning, whereas oil yield mirrored seed yield responses due to larger differences in grain production across treatments. Economic superiority of T7 and competitiveness of T6 and T4 confirm that integrating biofertilizer at higher RDF or using Azospirillum with 75% RDF can be financially advantageous, offering flexibility for input optimization based on resource availability and production goals. Overall, the results endorse integrated nutrient management strategies that combine RDF with specific biofertilizer to enhance growth, yield, oil yield, and profitability of Indian mustard in subtropical Gangetic plain conditions. 

Conclusion
Under the tested conditions with variety ‘Kranti’ on sandy loam soil at Haridwar, 100% RDF combined with Rhizobium + Azotobacter (T7) consistently maximized growth parameters, yield attributes, seed yield, oil yield, and economic returns, establishing it as the best-performing package among tested treatments. Where resource optimization is desired, 75% RDF + Rhizobium + Azotobacter (T6) or 75% RDF + Azospirillum (T4) provide strong alternatives with favorable agronomic and economic outcomes, supporting adoption of integrated nutrient management in Indian mustard production systems. 

Practical recommendations
· Adopt 100% RDF + Rhizobium + Azotobacter for maximum yield and profitability in Indian mustard on comparable soils and climates, ensuring proper biofertilizer seed inoculation protocols at sowing. 
· For input-saving strategies, use 75% RDF + Rhizobium + Azotobacter or 75% RDF + Azospirillum to achieve high yields with improved returns per rupee invested, maintaining timely weeding, irrigation, and plant protection to protect gains from nutrient integration.
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