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ABSTRACT

	[bookmark: _GoBack]Soybean (Glycine max L.) is a vital legume crop with significant nutritional and economic value. Sustainable nutrient management is essential to enhance its productivity while maintaining soil health. Therefore,a field experiment was conductedIntegrated Use of AMF, PSB and Fertilizers for Improving Growth, Yield and Soil Health of Soybean (Glycine max L.)” was conducted during Kharif 2024–25 at Shri Vaishnav Institute of Agriculture, Indore (M.P.), using a Randomized Block Design with ten treatments and three replications. Treatments involved various combinations of 50% and 100% recommended dose of fertilizers (RDF), phosphate solubilizing bacteria (PSB), arbuscular mycorrhizal fungi (AMF), and farmyard manure (FYM). Among all treatments, T10 (50% RDF + PSB + AMF + FYM) showed significant improvement in plant height, dry matter, number of leaves and branches, resulting in the highest grain (12.99 q ha⁻¹) and straw yield (20.23 q ha⁻¹). T10 was statistically at par with T9 (50% RDF + AMF + FYM) and T2 (100% RDF). Soil pH and EC remained largely unaffected, but organic carbon (0.53%) and available N and P increased under integrated treatments. Thus, integrated use of AMF, PSB, FYM with 50% RDF (T10) emerges as a sustainable option, enhancing crop performance and soil health while reducing chemical fertilizer dependency.
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1. INTRODUCTION

Soybean (Glycine max L.) is a vital oilseed crop in India, known for its high protein (40-42%) and oil (20-22%) content. India ranks fifth globally in soybean production and third among its oilseed crops, contributing 3% to world production. Over the last three decades, soybean yield has improved due to genetic and management advances. Besides its industrial importance and potential as an alternative to rice, soybean is often called the “poor man’s meat” because of its rich protein, playing a crucial role in vegetarian diets (Suryawanshi et al., 2006).
Despite its significance, soybean productivity is challenged by nutrient depletion in soils (Sikka et al., 2016). Heavy use of chemical fertilizers has led to soil fertility decline and environmental issues (Bisht et al., 2021). Soybean’s high demand for nitrogen and phosphorus results in stagnant or declining yields, even with liberal fertilizer application. This has increased interest in biological approaches like bio-fertilizers to sustain soil fertility, especially given the rising costs and limited supply of chemical fertilizers. An integrated nutrient management approach combining chemical fertilizers and bio-fertilizers offers an eco-friendly and sustainable solution.
Bio-fertilizers, such as phosphorus solubilizing bacteria (PSB), arbuscular mycorrhizal fungi (AMF), and azotobacter, enhance soil fertility by improving nutrient availability and crop yield (Ravikumar et al., 2012). These microbes fix atmospheric nitrogen and solubilize otherwise unavailable nutrients like phosphorus (Geetha et al., 2017). Studies show microbial inoculants can meet 20–25% of plants’ phosphorus needs (Sandhya et al., 2013). PSB species such as Bacillus megaterium and Pseudomonas striata solubilize phosphate by secreting organic acids, making phosphorus available for plants. Since natural phosphorus-solubilizing microbes are scarce in soil, inoculation is necessary to improve nutrient uptake and yield (Perez et al., 2007).
AMF also play a critical role in nutrient uptake, especially phosphorus and micronutrients, by extending the root system’s absorption area through fungal hyphae (Jayashree and Umesha, 2021). They enhance nutrient uptake, improve tolerance to stresses, and increase crop yield and quality (Hijri, 2016). AMF form symbiotic associations with many crops, including soybean, benefiting nutrient acquisition and soil health (Hodge and Storer, 2015).
Organic manures like farmyard manure (FYM) improve soil physical, chemical, and biological properties and nutrient availability. FYM combined with chemical fertilizers like urea can reduce nitrogen loss and improve nitrogen use efficiency. However, limited information exists on the combined effects of organic, inorganic, and bio-fertilizers on soybean growth and yield. Keeping in this view this study aims to evaluate the Integrated Use of AMF, PSB and Fertilizers for Improving Growth, Yield and Soil Health of Soybean (Glycine max L.)
2. material and methods 

An experiment on the integrated use of AMF, PSB and fertilizers for improving growth, yield and soil health of soybean (Glycine max L.) was conducted during the Kharif season of 2024 at the experimental farm of Shri Vaishnav Institute of Agriculture, Shri Vaishnav Vidyapeeth Vishwavidyalaya, Indore. The experimental soil was medium black clay with a clay loam texture and belonged to the Vertisol order. Initial soil analysis revealed a pH of 7.31 (Piper, 1950), electrical conductivity of 0.70 dS m⁻¹ (Piper, 1950), organic carbon content of 0.50% (Walkley and Black, 1934), available nitrogen of 230 kg ha⁻¹ (Subbiah and Asija, 1956), available phosphorus of 13.10 kg ha⁻¹ (Watanabe and Olsen, 1965), and available potassium of 367 kg ha⁻¹ (Jackson, 1973).
The experiment was laid out in a randomized block design (RBD) with 10 treatments and three replications, resulting in 30 plots. The treatments included: T1- Absolute control, T2-100% RDF, T3-50% RDF, T4- 50% RDF + PSB, T5- 50% RDF + AMF, T6- 50% RDF + FYM, T7- 50% RDF + PSB + AMF, T8- 50% RDF + PSB + FYM, T9- 50% RDF + AMF + FYM, T10- 50% RDF + PSB + AMF + FYM 
Soybean variety JS 9560 was sown on 3rd July 2024 at a spacing of 30 cm × 10 cm with a seed rate of 75 kg ha⁻¹. The gross plot size was 3.60 m × 4.50 m, and the net plot size was 3.00 m × 4.30 m. The recommended dose of fertilizer was applied in split doses, with half the nitrogen and the full phosphorus and potassium at sowing, and the remaining half nitrogen at 30 days after sowing (DAS) in the 100% RDF treatment. Organic manures, FYM, was applied 15 days before sowing on a dry weight basis after nutrient analysis, which showed nutrient contents as follows: FYM (N 0.52%, P 0.25%, K 0.50%).
Seeds were treated with Rhizobium japonicum, PSB and Mycorrhiza before sowing to promote nodulation and phosphorus availability. Arbuscular mycorrhizal fungi (AMF), phosphate solubilizing bacteria (PSB) and Rhizobium were applied in the form of commercially available carrier-based biofertilizers procured from an authorized source. The inoculants were applied as per the recommended dose. The AMF inoculum contained approximately 100–150 infective propagules (spores) per gram of carrier material, while PSB and Rhizobium cultures had a viable cell count of approximately 1 × 10⁸ CFU g⁻¹, as per standard biofertilizer quality norms.Growth parameters including plant height, dry matter per plant, number of leaves and branches per plant were recorded at 30, 45, 60, and 75 DAS and at harvest, with measurements taken from five randomly selected plants per plot. Root nodules were counted on two randomly selected flowering plants per plot after careful washing of roots.
Yield attributes such as number of pods per plant, pod yield per plant, seed yield per plant, and 1000-seed weight were recorded at harvest. Seed yield and straw yield per hectare were computed from the net plot data, and biological yield was calculated as the sum of seed and straw yields.
Cost of cultivation, gross returns, and net returnsthe total cost of cultivation was calculated by summing all input costs (seeds, fertilizers, biofertilizers, irrigation, pesticides) and labour charges (land preparation, sowing, weeding, harvesting, and threshing).
Gross monetary returns were computed by multiplying the yield (grain and straw) by the prevailing market prices of soybean seed and straw.
Net monetary returns were obtained by subtracting the total cost of cultivation from the gross returns:

The benefit-cost (B:C) ratio was calculated as:

3. results and discussion

3.1 Plant Height
Effect of different sources of nutrients available on growth parameters is presented in fig 1 A. At 30 DAS and at harvest, plant height differences among treatments were not statistically significant. At 45, 60, 75 DAS plant height showed significant variation. T2 (100% RDF) exhibited a 39.1%, 43.3%, 29.1% increase, while T10 (50% RDF + PSB + AMF + FYM) showed a 37.7%, 34.7% and 27.8% increase, respectively over control. Both treatments were statistically superior to control and other treatments.  The increase in plant height with 50% RDF + PSB + AMF + FYM is due to FYM enhancing nutrient supply via mineralization, AMF extending root absorption through hyphae networks, and PSB improving soil phosphorus availability by solubilizing insoluble phosphates. Organic fertilization further promotes AMF growth, collectively supporting better growth and biomass accumulation(Abdurrahman et al., 2023,Akbar et al., 2023 and Yilmaz et al., 2025).

3.2 Dry Matter Accumulation 
Effect of different sources of nutrients available on growth parameters is presented in fig 1 B. At 30 DAS, dry matter accumulation showed non-significant variation among treatments. At 45, 60, 75 DAS and at harvest, dry matter accumulation varied significantly. T2 (100%) showed a 50%, 52.8%, 76.6% and 72.7% increase, while T10 (50% RDF + PSB + AMF + FYM) demonstrated a comparable 49%, 51.7%, 76.1% and 72% increase, over control. Both treatments significantly outperformed the control and the other treatments. The effectiveness of T10 is due to continuous, balanced phosphorus from mineral and biological sources, enhancing carbohydrate metabolism, starch and cellulose synthesis, and dry matter accumulation. Phosphorus, as part of ATP, boosts photosynthesis, vegetative growth, and assimilate distribution (Igiehon et al., 2020, Jayshree & Umesha, 2021).

3.3 Number of Leaves 
Effect of different sources of nutrients available on growth parameters is presented on fig 1 C. At 30 DAS and at harvest, the number of leaves per plant showed no significant difference among treatments. At 45, 60, 75 DAS application of T2 (100% RDF) recorded the highest average leaf count 33.6%, 34.1%, 37.4% followed closely by T10 (50% RDF + PSB + AMF + FYM) with 32.3%, 33.6% and 36.3% leaves, while control had the lowest at 12.06 leaves, indicating limited growth without nutrient supplementation. FYM gradually supplies nutrients through mineralization, enhances nutrient uptake via humic substances, and stimulates AMF colonization, improving nutrient absorption. Both FYM and AMF also enhance soil structure, promoting root growth. Increased N from FYM boosts protein synthesis in chloroplasts, leading to leaf expansion and new leaf production.

3.4 Number of Branches 
At 45, 60, 75 DAS and at harvest T2 (100% RDF) showed an 80.6%, 110.7%, 89.3% and 87.2% increase over control, while T10 (50% RDF + PSB + AMF + FYM) had a 79.7%, 110.3%, 89.1% and 86.3% increase. Higher branch numbers from 50% RDF + PSB + AMF + FYM treatments are attributed to improved P nutrition, enhanced root development, and better N and P availability, which increased photosynthate production and branch growth (Mulambula et al., 2019, Jayshree & Umesha, 2021).



	FIG 1. Effect of different nutrient sources on growth parameters of soybean
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	Fig. 1A
	Fig. 1B
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	Fig. 1C
	Fig. 1D

	T1- Absolute control, T2-100% RDF, T3-50% RDF, T4- 50% RDF + PSB, T5- 50% RDF + AMF, T6- 50% RDF + FYM, T7- 50% RDF + PSB + AMF, T8- 50% RDF + PSB + FYM, T9- 50% RDF + AMF + FYM, T10- 50% RDF + PSB + AMF + FYM



3.5 Yield
The yield data revealed substantial improvements in both grain and straw production under different nutrient management practices (Table 1). For grain yield, treatment T₂ (100% RDF) recorded the highest numerical value followed closely by T₁₀ (50% RDF + PSB + AMF + FYM) and both treatments were statistically at par but significantly higher than the control (6.94 q ha⁻¹), representing 87.2% and 83.9% increases, respectively. Similarly, straw yield was markedly enhanced under these treatments, with T₂ yielding 20.23 q ha⁻¹ and T₁₀ producing 18.74 q ha⁻¹, again both at par with each other and superior to the control (assumed 12.00 q ha⁻¹), corresponding to 68.6% and 56.2% increases, respectively. These results clearly demonstrate that integrated and balanced nutrient management not only boosts reproductive yield but also promotes vegetative growth and biomass accumulation, thereby improving overall crop productivity. Higher phosphorus in FYM + AMF treatments is due to FYM-driven solubilization and AMF hyphae enhancing nutrient uptake, extending beyond root zones, and improving P and other immobile nutrient availability compared to FYM alone (Tagore et al., 2013 and Yassen et al., 2017).

3.5 Cost of Cultivation
Economic analysis showed significant variation among treatments (Table 1). T₂ (100% RDF) gave the highest gross return (₹64,950 ha⁻¹) and B:C ratio (2.32), but at a higher cultivation cost (₹37,019 ha⁻¹). T₁₀ (50% RDF + PSB + AMF + FYM) closely followed in gross return (₹63,800 ha⁻¹) with a moderate cost (₹29,372 ha⁻¹), high net return (₹34,428 ha⁻¹), and B:C ratio of 1.85, offering a sustainable and profitable alternative that maintains soil health while ensuring good yield. Control had the lowest returns and profitability.

Table 1. Effect of combination of different sources of nutrients on yield and economics of soybean


	Treatments
	Grain yield
(t ha-1)
	Straw yield
(q ha-1)
	Cost of cultivation
(₹ ha-1)
	Gross monetary returns
(₹ ha-1)
	Net monetary returns
(₹ ha-1)
	B:C Ratio

	T1
	0.694
	1.067
	13,400
	34700
	21,300
	1.62

	T2
	1.299
	2.023
	37019
	27,931
	27,931
	2.32

	T3
	0.783
	1.200
	15172
	23,978
	23,978
	1.63

	T4
	0.809
	1.358
	16472
	23,978
	23,978
	1.68

	T5
	0.835
	1.398
	16047
	25,703
	25,703
	1.62

	T6
	1.008
	1.573
	14697
	35,703
	35,703
	1.41

	T7
	0.907
	1.423
	20097
	25,253
	25,253
	1.79

	T8
	1.109
	1.604
	21022
	34,428
	34,428
	1.61

	T9
	1.130
	1.618
	22522
	33,978
	33,978
	1.66

	T10
	1.276
	1.874
	29372
	34,428
	34,428
	1.85

	S. Em ±
	0.36
	0.45
	
	
	
	

	CD at 5%
	1.10
	1.36
	
	
	
	

	
T1- Absolute control, T2-100% RDF, T3-50% RDF, T4- 50% RDF + PSB, T5- 50% RDF + AMF, T6- 50% RDF + FYM, T7- 50% RDF + PSB + AMF, T8- 50% RDF + PSB + FYM, T9- 50% RDF + AMF + FYM, T10- 50% RDF + PSB + AMF + FYM
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3.6 Soil Chemical Properties
Data presented in table 2 showed the effect of combination of different nutrients sources on soil chemical properties. Soil pH ranged from 7.29 to 7.31 (neutral). Lowest pH occurred with organic manure due to acid release during decomposition. EC ranged 0.68–0.72 dS m⁻¹. Highest EC was in T₁₀ (50% RDF + PSB + AMF + FYM) treatments without organics had lower EC. EC slightly increased in PSB, FYM, AMF, and 50% RDF treatments due to enhanced nutrient mineralization and release of soluble salts. OC varied 0.51–0.53%. Highest OC (0.53%) was in treatments with organic amendments (T₆, T₈, T₉, T₁₀); control and treatments without organics had 0.51%. The higher soil organic carbon in plots receiving FYM with NPK compared to those getting only inorganic fertilizer, might be due to an increase in microbial activity and abundance, as well as better soil regulation by the dynamics of organic carbon clear therefore that the treatment regimen RDF + FYM + bio-fertilizers generated the maximum level of organic carbon. Available N ranged from 179.82 to 199.43 kg ha⁻¹. The highest N was in 50% RDF + 5 t FYM, indicating that combining organic amendments with reduced chemical fertilizer enhances N availability. The lowest N was in 50% RDF + PSB + AMF + FYM, suggesting possible N immobilization AMF and PSB boost nutrient uptake and root growth. Together, they reduce nitrogen loss and improve availability in the root zone. Available P ranged from 11.07 to 13.62 kg ha⁻¹. The highest P was in 100% RDF, while the lowest was in 50% RDF + PSB + AMF + FYM, indicating reduced P availability in this combination. Available P seems to improve with a combined application of 50% RDF, PSB, AMF, and FYM may be due to the release of organic acids during the organic decomposition which in turn improve the P availability by its solubilising action of native P in soil. K ranged from 352.21 to 373.02 kg ha⁻¹. The highest K was in 50% RDF + 5 t FYM, and the lowest in 50% RDF + PSB + AMF + FYM, showing similar trends of nutrient availability as N and P. Combining 50% of the recommended fertilizer with PSB, AMF, and FYM could result in increased plant height due to the release of some organic acids during soil decomposition and the supply of additional K through FYM both increased the soil’s ability to maintain K in the accessible form.

Table 2. Effect of combination of different nutrients on soil chemical properties

	Treatments
	pH
	EC
(dSm-1)
	OC 
(%)
	AvailableN
(kgha-1)
	AvailableP
(kgha-1)
	AvailableK
(kgha-1)

	T1
	7.31
	0.68
	0.51
	187.27
	9.86
	341.13

	T2
	7.29
	0.69
	0.51
	161.95
	13.62
	355.26

	T3
	7.30
	0.69
	0.51
	191.11
	12.72
	353.89

	T4
	7.30
	0.69
	0.51
	189.40
	12.49
	354.11

	T5
	7.30
	0.70
	0.51
	188.60
	12.37
	353.12

	T6
	7.29
	0.71
	0.53
	199.43
	12.17
	373.02

	T7
	7.30
	0.69
	0.51
	181.85
	12.13
	352.21

	T8
	7.29
	0.71
	0.53
	192.41
	11.84
	371.15

	T9
	7.29
	0.71
	0.53
	191.31
	11.76
	370.30

	T10
	7.29
	0.72
	0.53
	179.82
	11.07
	364.11

	S. Em ±
	0.01
	0.01
	0.01
	0.63
	0.36
	2.03

	CD at 5%
	NS
	NS
	NS
	1.88
	1.07
	6.02

	
T1- Absolute control, T2-100% RDF, T3-50% RDF, T4- 50% RDF + PSB, T5- 50% RDF + AMF, T6- 50% RDF + FYM, T7- 50% RDF + PSB + AMF, T8- 50% RDF + PSB + FYM, T9- 50% RDF + AMF + FYM, T10- 50% RDF + PSB + AMF + FYM

	


4. Conclusion

Integrated nutrient management enhances plant growth, biomass accumulation, nutrient uptake, and soil fertility more sustainably than inorganic fertilizers alone.50% RDF + PSB + AMF + FYM (T₁₀) is a highly effective, eco-friendly, and economically viable alternative to 100% RDF, capable of maintaining comparable yields while improving soil quality.T₁₀ offers a promising strategy for long-term soil health, reduced dependence on chemical fertilizers, and improved profitability for soybean farmers.
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