


Effect of Biofertilizers and Graded Nutrient Management on Soil Physico-Chemical Properties and Yield of Indian Mustard (Brassica juncea L.) in Bundelkhand Region
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The field experiment was conducted during the rabi seasons of 2022-23 and 2023-24 at the Integrated Farming System Unit, Banda University of Agriculture and Technology, Banda, to evaluate the effect of biofertilizers and graded nutrient doses on soil physico-chemical properties and yield of Indian mustard (Brassica juncea L.). The experimental soil was sandy clay loam in texture, slightly alkaline (pH 7.9), low in organic carbon and deficient in available nitrogen, phosphorus, potassium, and sulphur. The experiment was laid out in a randomized block design with three replications and ten treatments comprising 50%, 75% and 100% of the recommended dose of fertilizers (RDF) in combination with Azotobacter, phosphate-solubilizing bacteria (PSB) and sulphur-solubilizing bacteria (SSB). Results indicated that soil pH, electrical conductivity, organic carbon, bulk density, particle density and porosity were not significantly influenced by the treatments; however, numerically favourable values were consistently observed under integrated biofertilizer treatments, particularly T4 (100% RDF + Azotobacter + PSB + SSB). Seed and stover yields were significantly enhanced under integrated nutrient management, with the highest yields recorded under T4. Application of biofertilizers with 75% RDF produced yields comparable to higher fertilizer levels. The study demonstrates that the combined application of biofertilizers with recommended fertilizer doses improves crop productivity while maintaining soil physico-chemical properties under mustard cultivation in the Bundelkhand region.
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INTRODUCTION 
Indian mustard (Brassica juncea L.) is an important oilseed crop valued for its edible oil, condiments, and fodder. It contains 37–42% oil with a high proportion of erucic and oleic acids (Alim et al., 2012). Mustard seeds, oil, and by-products are widely used for culinary, industrial, and agricultural purposes, while mustard oil cake serves as a nutrient-rich organic manure and animal feed. Its seeds and oil are widely used in pickles, curries, vegetables, hair oils, medicines, and grease production. Mustard oil cake, rich in nutrients (5.1% N, 1.8% P₂O₅, 1.1% K₂O), is valuable as animal feed and manure. Young leaves are used as vegetables and fodder, while mustard oil also serves in leather tanning.
India ranks third globally in rapeseed- mustard production after Canada and China, contributing nearly 11% to global output. During the 2023-24, the global area, production, and productivity of mustard were 36.59 million ha, 72.37 million tonnes, and 1980 kg ha-1, respectively (FAO, 2025). In India, mustard is cultivated over 9.18 million ha with a production of 13.26 million tonnes and an average productivity of 1444 kg ha-1 (DES, MA&FW, 2025). The Bundelkhand region, though constrained by semi-arid conditions, reported an average mustard productivity of about 1240 kg ha-1 (Majeed et al., 2023). The Bundelkhand region is characterized by semi-arid climatic conditions, erratic rainfall, and frequent moisture stress, which adversely affect mustard productivity (Ahmed et al., 2019). Moisture stress often occurs at critical growth stages when irrigation water is insufficient to meet crop demand (Maurya et al., 2022). Under such conditions, the integration of biofertilizers with efficient nutrient management can improve soil health, enhance nutrient uptake, and support better crop growth and productivity.
Soil physico-chemical properties such as pH, electrical conductivity (EC), organic carbon content, bulk density, particle density, porosity, and nutrient availability collectively determine soil suitability for sustainable crop production (Regassa et al., 2023). These properties influence nutrient dynamics, microbial activity, water movement, root growth, and overall crop performance. Balanced nutrient management plays a key role in maintaining these properties by improving soil structure, aggregation, moisture retention, and biological activity in the rhizosphere (Liang et al., 2025). The application of the recommended dose of fertilizers (RDF), comprising nitrogen, phosphorus, potassium, and sulphur, has significantly contributed to increased productivity of Indian mustard (Bhanu et al., 2019). However, prolonged and exclusive reliance on inorganic fertilizers has resulted in nutrient imbalance, soil quality deterioration, increased production costs, and environmental concerns. Consequently, integrated nutrient management involving biofertilizers has gained importance as a sustainable and environmentally friendly approach (Chaudhary et al., 2022). Biofertilizers are live microbial inoculants that enhance soil fertility and crop growth by improving nutrient availability through biological nitrogen fixation, phosphate solubilization, and sulphur mobilization (Shahwar et al., 2023). Azotobacter, a free-living nitrogen-fixing bacterium, also produces growth-promoting substances such as auxins, gibberellins, and cytokinins, which stimulate root development and nutrient uptake. Phosphate-solubilizing bacteria (PSB) increase phosphorus availability by converting insoluble forms into plant-available forms, while sulphur-solubilizing bacteria (SSB) enhance sulphur availability, which is particularly important for oil synthesis and protein formation in mustard (Dey et al., 2025). Despite the recognized benefits of integrated nutrient management, limited information is available on the combined effects of biofertilizers and graded fertilizer doses on soil physico-chemical properties under mustard cultivation in the Bundelkhand region. Therefore, the present study was undertaken to evaluate the influence of biofertilizers in combination with different levels of RDF on soil physico-chemical properties and yield of Indian mustard grown under semi-arid conditions.
MATERIALS AND METHODS
The field experiment was conducted during the rabi seasons of 2022-23 and 2023-24 at the Integrated Farming System Unit of the Instructional Farm, Banda University of Agriculture and Technology, Banda, Uttar Pradesh, India, to study the effect of biofertilizers and nutrient doses on Indian mustard (Brassica juncea L.) under Bundelkhand conditions. The experimental soil was sandy clay loam in texture with an initial pH of 7.9, indicating a slightly alkaline reaction. The soil was low in organic carbon and deficient in available nitrogen, phosphorus, potassium, and sulphur. The experiment was laid out in a randomized block design with ten treatments and three replications. The treatments comprised three levels of the recommended dose of fertilizers (RDF), namely 50%, 75%, and 100%, applied alone or in combination with biofertilizers. The biofertilizers used included Azotobacter (Azotobacter chroococcum), phosphate-solubilizing bacteria (PSB, Kluyvera cryocrescens), and sulphur-solubilizing bacteria (SSB, Thiobacillus novellus). The treatment details were as follows: T1: Control, T2: 100% RDF + Azotobacter, T3: 100% RDF + Azotobacter + PSB, T4: 100% RDF + Azotobacter + PSB + SSB, T5: 75% RDF + Azotobacter, T6: 75% RDF + Azotobacter + PSB, T7: 75% RDF + Azotobacter + PSB + SSB, T8: 50% RDF + Azotobacter, T9: 50% RDF + Azotobacter + PSB and T10: 50% RDF + Azotobacter + PSB + SSB.  The nutrients nitrogen, phosphorus, potassium, and sulphur were applied as per treatment through urea (46% N), diammonium phosphate (46% P₂O₅), muriate of potash (60% K₂O) and single super phosphate (12% S), respectively. Half of the nitrogen and the full doses of phosphorus, potassium and sulphur were applied as basal at sowing, while the remaining half of nitrogen was top-dressed at 35 days after sowing.
Biofertilizers were applied in liquid form through soil drenching immediately after sowing. Azotobacter, phosphate-solubilizing bacteria (PSB), and sulphur-solubilizing bacteria (SSB) were applied at the rate of 2 L ha⁻¹ each as per the treatment combinations. The required quantity of each biofertilizer was diluted in water and applied uniformly along the crop rows using a knapsack sprayer to ensure effective establishment of beneficial microorganisms in the rhizosphere during the early stages of crop growth. Indian mustard variety Giriraj (DRMRIJ-31) was sown on 24 October 2022 and 26 October 2023 in rows spaced 45 cm apart using a seed rate of 5 kg ha⁻¹. The crop was harvested on 1 March 2023 and 6 March 2024, respectively, when more than 80% of the siliquae had turned yellow. Soil samples were collected from each plot at a depth of 0-15 cm before sowing and after harvest during both years. The samples were analyzed for soil pH (Jackson, 1973), electrical conductivity (Jackson, 1967), and organic carbon content using the Walkley and Black method (1934). Bulk density, particle density and porosity were determined using standard procedures.
Table 1. Recommended dose of fertilizers and biofertilizers used in the experiment.
	S. No
	Particulars
	Rate of application

	1
	N
	80 kg ha-1

	2
	P₂O₅
	60 kg ha-1

	3
	K₂O
	40 kg ha-1

	4
	S
	40 kg ha-1

	5
	Azotobacter
	2 lit ha-1

	6
	PSB
	2 lit ha-1

	7
	SSB
	2 lit ha-1



Statistical analysis
The data collected from different observations were statistically analyzed using analysis of variance (ANOVA) as per the procedure described by Cochran and Cox (1963). Treatment means were compared at the 5% level of significance.

RESULTS AND DISCUSSION
1. Soil Chemical Properties 
1.1 Soil pH
Soil pH after harvest of Indian mustard was not significantly influenced by different nutrient doses and biofertilizer treatments during both years of experimentation (2022–23 and 2023–24). The pH values ranged from 7.3 to 7.7, indicating slightly alkaline soil conditions (Table 2). Numerically lower pH values were observed in treatments receiving combined application of Azotobacter, PSB, and SSB, particularly T₄ and T₇, compared to the control.
Although the differences were statistically non-significant, the slight reduction in soil pH under biofertilizer-treated plots may be attributed to the secretion of organic acids and other metabolites by plant growth-promoting microorganisms during nutrient solubilization. Phosphate- and sulphur-solubilizing bacteria are known to release organic acids that temporarily lower rhizosphere pH, thereby improving nutrient availability (Srivastava et al., 2021; Haroun et al., 2023). Similar minor pH shifts following biofertilizer application have also been reported by Msimbira and Smith (2020) and Neina (2019). 
1.2 Organic Carbon (OC) Content in Soil
Soil organic carbon content showed a slight numerical increase in treatments receiving integrated application of RDF and biofertilizers during both years of study (Table 2). Higher OC values were recorded under T₄ (100% RDF + Azotobacter + PSB + SSB) and T₇ (75% RDF + Azotobacter + PSB + SSB) compared to the control, though the differences were statistically non-significant.
The marginal improvement in soil organic carbon may be attributed to enhanced root biomass production, increased microbial activity, and greater input of organic residues under integrated nutrient management. Biofertilizer inoculation stimulates microbial growth and root exudation, which enhances carbon inputs to soil and contributes to organic matter stabilization (Kumar et al., 2018; Chaudhary et al., 2022). Similar non-significant but positive trends in soil organic carbon following biofertilizer application have been reported by Kumar et al. (2021) and Xiao et al. (2025).
1.3 EC of Soil
Soil electrical conductivity remained very low and within the non-saline range under all treatments, varying from 0.16 to 0.19 dS m⁻¹ during both years (Table 2). The lowest EC values were observed in treatments T₄ and T₇, whereas the control recorded comparatively higher values. However, the differences among treatments were statistically non-significant.
The slight reduction in EC under biofertilizer-treated plots may be associated with improved nutrient uptake efficiency and reduced accumulation of soluble salts in the soil solution. These results indicate that the integrated use of chemical fertilizers and biofertilizers is safe for soil chemical health and does not induce salinity. Similar findings have been reported by Meena et al. (2015), Chen et al. (2020), and Srivastava et al. (2021).
Table 2. Soil pH, Soil Organic Carbon, and Soil EC of Indian mustard in soil as influenced by the treatments in 2022-23 and 2023-24.
	Treatment
	Soil pH
	
	Soil OC (%)

	Soil EC (dS m-1)


	 
	 
	2022-23
	2023-24
	2022-23
	2023-24
	2022-23
	2023-24

	T1
	Control
	7.6
	7.7
	0.42
	0.41
	0.18
	0.18

	T2
	100%RDF + Azotobacter
	7.5
	7.3
	0.42
	0.44
	0.19
	0.17

	T3
	100% RDF + Azotobacter + PSB
	7.5
	7.2
	0.43
	0.43
	0.17
	0.17

	T4
	100% RDF + Azotobacter + PSB + SSB
	7.3
	7.2
	0.44
	0.45
	0.17
	0.16

	T5
	75% RDF + Azotobacter
	7.6
	7.4
	0.43
	0.43
	0.18
	0.17

	T6
	75% RDF + Azotobacter + PSB
	7.5
	7.2
	0.43
	0.44
	0.18
	0.17

	T7
	75% RDF + Azotobacter + PSB + SSB
	7.5
	7.2
	0.43
	0.44
	0.18
	0.16

	T8
	50% RDF + Azotobacter
	7.5
	7.5
	0.42
	0.43
	0.18
	0.17

	T9
	50% RDF + Azotobacter + PSB
	7.6
	7.5
	0.42
	0.43
	0.18
	0.17

	T10
	50% RDF + Azotobacter + PSB + SSB
	7.4
	7.3
	0.42
	0.44
	0.18
	0.17

	
	SE(m)±
	0.085
	0.122
	0.006
	0.006
	0.004
	0.004

	
	C.D at 5%
	NS
	NS
	NS
	NS
	NS
	NS



2. Soil Physical Properties 
2.1 Soil Bulk Density
Bulk density of soil after harvest of Indian mustard was not significantly affected by different nutrient doses and biofertilizer treatments during both years (Table 3). Bulk density values ranged from 1.31 to 1.33 Mg m⁻³ in 2022–23 and from 1.31 to 1.32 Mg m⁻³ in 2023–24. Slightly lower bulk density values were recorded under treatments receiving biofertilizers along with RDF, particularly T₃, T₅, and T₁₀, compared to the control. Such marginal reduction in bulk density under integrated treatments may be attributed to improved soil aggregation and enhanced microbial activity, which contribute to better soil structure. Combined application of chemical fertilizers and biofertilizers has been reported to reduce bulk density and improve soil physical condition through enhanced aggregation and pore formation (Oleghe et al., 2019; Ascari et al., 2020; Fu et al., 2023). 
2.2 Soil particle density 
Particle density of soil showed very little variation among treatments and ranged from 2.61 to 2.64 Mg m⁻³ during both years of study (Table 3). Slightly lower particle density values were observed under treatments receiving PSB and SSB, although the differences were statistically non-significant.
These minor variations may be attributed to increased organic matter content and microbial biomass contribution to soil solids under integrated nutrient management. Soil organic matter plays an important role in influencing particle density, and increased microbial activity can contribute to subtle changes in soil physical characteristics (Rühlmann et al., 2005; Rabbi et al., 2016 and Deng et al., 2022). 
2.3 Soil porosity
Soil porosity ranged from 49.9 to 50.4% during both years of experimentation (Table 3). Marginally higher porosity was observed under treatments involving biofertilizer combinations, particularly T₄, T₈, T₉, and T₁₀, compared to the control. However, the differences were statistically non-significant.

The slight improvement in soil porosity under integrated treatments may be associated with reduced bulk density, improved soil aggregation, and enhanced root growth resulting from increased microbial activity. Similar non-significant but favorable effects of integrated nutrient management on soil physical properties have been reported under oilseed-based cropping systems (Mäder et al., 2002; Blanco-Canqui & Lal, 2004; Meena et al., 2015; Awasthi et al., 2024). 
Table 3. Bulk density, Particle density, and Porosity (%) of Indian mustard in soil as influenced by the treatments in 2022-23 and 2023-24.
	Treatment
	Bulk density (Mg m-3)
	Particle density (Mg m-3)
	Porosity (%)

	
	2022-23
	2023-24
	2022-23
	2023-24
	2022-23
	2023-24

	T1
	Control
	1.33
	1.32
	2.64
	2.63
	50.3
	50.2

	T2
	100% RDF + Azotobacter
	1.32
	1.31
	2.63
	2.62
	50
	50.2

	T3
	100% RDF + Azotobacter + PSB
	1.31
	1.31
	2.63
	2.62
	49.9
	50

	T4
	100% RDF + Azotobacter + PSB + SSB
	1.32
	1.31
	2.62
	2.61
	50.2
	50.3

	T5
	75% RDF + Azotobacter
	1.31
	1.31
	2.63
	2.62
	49.9
	50.2

	T6
	75% RDF + Azotobacter + PSB
	1.32
	1.32
	2.63
	2.62
	49.9
	50.3

	T7
	75% RDF + Azotobacter + PSB + SSB
	1.32
	1.31
	2.63
	2.62
	50.1
	50.1

	T8
	50%
 RDF + Azotobacter
	1.32
	1.32
	2.62
	2.62
	50.2
	50.4

	T9
	50% RDF + Azotobacter + PSB
	1.32
	1.32
	2.61
	2.61
	50.4
	50.4

	T 10
	50% RDF + Azotobacter + PSB + SSB
	1.31
	1.32
	2.62
	2.61
	50.2
	50.4

	SE(m)±
	0.02
	0.02
	0.03
	0.03
	0.89
	1.16

	C.D at 5%
	NS
	NS
	NS
	NS
	NS
	NS



3. Effect on Yield
Seed and stover yields of Indian mustard were significantly influenced by nutrient management practices involving biofertilizers during both years of experimentation (Table 4). The highest seed and stover yields were recorded under treatment T₄ (100% RDF + Azotobacter + PSB + SSB), which significantly outperformed all other treatments. This superior performance can be attributed to the synergistic effect of balanced nutrient supply through recommended fertilizer doses and enhanced nutrient availability mediated by biofertilizers.
Azotobacter improved nitrogen availability through biological nitrogen fixation, while PSB and SSB enhanced phosphorus and sulphur availability through solubilization, ensuring continuous nutrient supply throughout the crop growth period. This resulted in improved biomass accumulation and efficient assimilate partitioning towards seed formation (Dubey et al., 2017; Ajnar & Namdeo, 2021).
Among the 75% RDF treatments, T₇ produced the highest yields, indicating that biofertilizers were able to partially compensate for reduced fertilizer application without substantial yield loss. Although yields under 50% RDF treatments were comparatively lower, the inclusion of biofertilizers significantly enhanced productivity over the control, with T₁₀ performing best among reduced-input treatments. The lowest yields were observed in the control due to nutrient limitations and poor biomass accumulation (Hashan et al., 2023).
Integrated application of chemical fertilizers and biofertilizers also resulted in slight improvements in soil chemical and physical properties, which contributed to enhanced crop performance. Maintenance of soil pH and EC within safe limits, along with marginal improvements in soil organic carbon, bulk density, and porosity, reflects the positive role of integrated nutrient management in sustaining soil health and crop productivity (Kumar et al., 2021; Vinay et al., 2020).


Table 4.  Seed yield and Stover of Indian mustard as influenced by the treatments in 2022-23 and 2023-24
	S. No.
	Treatment
	Seed yield kg ha-1
	Stover kg ha-1

	
	
	2022-23
	2023-24
	2022-23
	2023-24

	T1
	Control
	970
	980
	3150
	3270

	T2
	100%RDF + Azotobacter
	1960
	2000
	5040
	5090

	T3
	100% RDF + Azotobacter + PSB
	2200
	2250
	5300
	5330

	T4
	100% RDF + Azotobacter + PSB + SSB
	2420
	2470
	5930
	6030

	T5
	75% RDF + Azotobacter
	1720
	1760
	4110
	4200

	T6
	75% RDF + Azotobacter + PSB
	2050
	2090
	4930
	4950

	T7
	75% RDF + Azotobacter + PSB + SSB
	2130
	2180
	5220
	5230

	T8
	50% RDF + Azotobacter
	1620
	1640
	4050
	4060

	T9
	50% RDF + Azotobacter + PSB
	1660
	1700
	4290
	4320

	T 10
	50% RDF + Azotobacter + PSB + SSB
	1860
	1900
	4350
	4430

	
	SE(m)±
	26
	31
	74
	82

	
	C.D. at 5%
	79
	93
	222
	244



CONCLUSION
The study revealed that integrated application of chemical fertilizers and biofertilizers positively influenced soil health and productivity of Indian mustard under Bundelkhand conditions. Although soil chemical and physical properties did not show significant changes over two years, integrated nutrient management treatments exhibited favourable trends such as slight reductions in soil pH and electrical conductivity and marginal improvements in soil organic carbon and soil physical condition. Seed and stover yields were significantly enhanced by the combined application of recommended fertilizer doses with biofertilizers. The highest yields were obtained with 100% RDF supplemented with Azotobacter, PSB, and SSB, indicating a strong synergistic effect on nutrient availability and uptake. The application of biofertilizers with 75% RDF produced comparable yields, suggesting the possibility of reducing chemical fertilizer use without compromising productivity. The findings confirm that integrated nutrient management using chemical fertilizers and biofertilizers is a sustainable and effective approach for improving mustard yield while maintaining soil health in semi-arid regions like Bundelkhand.
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