Integrated Effect of Rhizobium Inoculation, Phosphorus, and Zinc on Soil Physico-Chemical Properties Under Chickpea (Cicer arietinum L.) Cultivation
ABSTRACT
A field experiment was carried out at the Student’s Instructional Farm, Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, during the rabi seasons of 2023-24 and 2024-25 to investigate the effects of rhizobium, zinc, and phosphorus inoculation on soil physico-chemical properties under chickpea (Cicer arietinum L.) variety KPG-59 (Uday). Eighteen Treatments combinations were used in the factorial randomized block design (FRBD), which included two rhizobium inoculation levels (with and without), three phosphorus levels (0, 30, and 60 kg ha⁻¹), and three zinc levels (0, 2.5, and 5.0 kg ha⁻¹). The soil's pH was 7.77 and 7.69 before to planting, and electrical conductivity was 0.35 and 0.34 d Sm⁻¹, the particle density was 2.69 and 2.68 Mg m⁻³, and the bulk density was 1.41 and 1.40 Mg m⁻³ in 2023 and 2024. In addition to zinc and rhizobium inoculation, the results showed that raising phosphorus levels from P₀ to P₆₀ improved soil physico-chemical characteristics. The control (P₀) had the lowest mean values of soil pH (7.84), EC (0.348 d Sm⁻¹), bulk density (1.40 Mg m⁻³), and particle density (2.70 Mg m⁻³), whereas treatment T17 (60 kg P + 2.5 kg Zn + Rhizobium) and T18 (60 kg P + 5.0 kg Zn + Rhizobium) had the maximum values of soil pH (7.79), EC (0.340 d Sm⁻¹), bulk density (1.39 Mg m⁻³), and particle density (2.69 Mg m⁻³).  The best results were obtained when phosphorus, zinc, and rhizobium were applied together to improve soil quality and chickpea cultivation.
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1. INTRODUCTION
The chickpea, scientifically known as Cicer arietinum L., is a leguminous crop cultivated during the winter season. Individuals consumed by as a green vegetable. Chickpea holds the esteemed position of being the third most prominent pulse crop, following the esteemed French beans (Phaseolus vulgaris L.) (Rani et al., 2021). Chickpea has a highly commendable reservoir of nutrients, particularly for a substantial demography within both developing and developed nations (Jukanti et al., 2012), 
Chickpea (Cicer arietinum L.) are a rich source of essential nutrients their high protein content, dietary fiber, and micronutrient composition. (Jukanti et al., 2012). Chickpeas (Cicer arietinum L.) are globally valued legume known for their affordability, nutritional significance, and health benefits. They are rich in protein, fiber, vitamins, and minerals such as iron, zinc, folate, and magnesium (N Kumar et al., 2025).
Chickpea possesses a protein content ranging from 18% to 22%, a carbohydrate content ranging from 52% to 70%, a fat content ranging from 4% to 10%, and a fiber content of 3% (Jukanti, et al., 2012). It contains phosphorus, calcium, magnesium, zinc, and iron, as well as a variety of vitamins (Koul et al., 2022). India’s total pulses constitute an: Area 27.51 million hectares, production 24.25 million tonnes and yield 881 kg. ha-1and attaining chickpea record-breaking production of 11.04 million metric tonnes (Mt), constituting 46% of the total pulses production of 24.25 Mt in India. Cultivation of chickpeas across an expansive land area of 9.59 million hectares (M ha), resulting in a productivity rate of 1151 kg ha-1. (Ministry of agriculture and Farmers Welfare Agricultural Statistics at a Glance, 2023).
Major pulses producing states are Madhya Pradesh (Area 5.62 million-hectare, production 6.27 million tonnes and Productivity 1115 kg h-1) Maharashtra (Area 4.99 million-hectare, production 4.64 million tonnes and productivity 928 kg ha-1), Rajasthan (Area 5.50 million-hectare, production 3.62 million tonnes and productivity 658 kg ha-1) and Uttar Pradesh (Area 2.76 million-hectare, production 2.84 million tonnes and productivity 1031 kg ha-1) (MA&FW Agricultural Statistics at a Glance, 2023). The total pulses production in India is 24.3 metric tonnes in 2023-24 and 23 metric tonnes in 2024-25  (MoSPI Report on EnviStats India, 2024). For the 2023-24 agricultural year (April 2023 to March 2024), the Government of India’s official estimate for total chickpea production is 11.535 million metric tonnes, Economics, Statistics & Evaluation Division, Ministry of Agriculture and Farmers Welfare 2024. 
Global production of chickpeas is set to increase by 1.5% year on year to reach 16.9 million metric tons by 2026. This is up from 15.4 million metric tons in 2021, and marks an increase of 4.6% since 1966. India currently leads the way in production, with 10.8 million metric tons. Myanmar, Russia and Ethiopia follow in second, third and fourth place respectively, (Report Linker Research, 2024-25). 
In Uttar Pradesh, Chickpea spans across an approximate land area of 8.24 million hectares. The annual yield of chickpea to approximately 9.97 million metric tons, resulting in a productivity rate of 1.08 metric tons per hectare (Kumar & Singh, 2023). Effect of P and Zn on nodulation and N fixation in chickpea (Cicer arietinum L.) in a loamy sand (Typic Torripsamments) using treatment combinations of five levels of P (0, 25, 50, 100 and 250 ppm), and six levels of Zn (0, 5, 10, 20, 40 and 100 ppm) (Shukla & Yadav, 1982).
The soil pH was determined in 1:2.5 soils: water suspension ratio and after half an hour of equilibrium, the pH was determined with the help of glass electrode on a digital pH meter (Jackson, 1967). The electrical conductivity (d Sm-1) of a 1:2.5 soil-water suspension ratio using a conductivity bridge (Jackson, 1967). 
The soil's bulk density (Mg m-3) was calculated as the ratio of the dry weight of the soil to the inner volume of the metallic core (Bodman, 1942). The soil cores used to calculate bulk density were also used to calculate saturated hydraulic conductivity using constant head method in the laboratory (Richards, 1954). Soil moisture was determined using undisturbed soil samples obtained at 0-15 cm soil depth for bulk density (Gautam et al., 2022). Soil particle density (Mg m-3) (ρs), the mass of soil solids per unit volume, is a key parameter for assessing soil physical properties and for estimating soil physical parameters such as porosity, specific heat capacity, and density of adsorbed water. In practice, ρs is usually assumed to be 2.65 g cm-3, the density of quartz. (Zhu et al., 2025)
Phosphorus (P) is recognized as a crucial function pertaining to the growth, development, and metabolism of plants (Nosheen & Shafique, 2006). referred to as the "energy currency" within the botanical realm, due to its pivotal role in regulating a multitude of metabolic processes inherent to plant systems (Dey et al., 2017). It is significance in the facilitation of root growth and development, initiation of flowering and seed production, acceleration of crop maturation, and stimulation of vital biological processes such as nodulation and N2 fixation, ultimately resulting in enhanced crop yield (Singh & Singh, 2016). 
Zinc is a vital micronutrient that plays a crucial role in various physiological processes in plants. Its deficiency has been observed in numerous agro-climatic regions across the India, making it an important area of study and concern (Das et al., 2019). Zinc plays a crucial role in the process of nitrogen fixation by facilitating the formation of nodules, as demonstrated by the study conducted by (Balusamy et al., 1996). Zinc act as a catalyst in oxidation processes and facilitates the transformation of carbohydrates (Verma et al., 2004). Zinc deficiency observed to result in a decrease in stem elongation, auxin activities, protein synthesis, flowering, and fruit development (Tandon, 2009).
Zinc is an important micronutrient involved in various biochemical processes in plants, including photosynthesis, respiration, chlorophyll biosynthesis, and protein, lipid, carbohydrate and nucleic acid synthesis and degradation (Ullah et al., 2020).
Similarly, zinc is also an important micro nutrient element which increases resistance to disease in plant. and “antagonistic effect of P levels on Zn nutrition by the crops. The information on Zn and P relationship in an important crop like chickpea is not adequate, especially in situations where both the interacting nutrients (P and Zn) are deficient in soil. Most of the soils of Uttar Pradesh have been rated as deficient in available zinc (Yadav et al., 2022).
Mineral fertilizers are utilized in soil applications to augment or substitute biological processes that are perceived as inadequate or suboptimal in achieving the desired levels of production. bodies such as lakes and rivers. Nitrogen fixation by legumes, also known as biological nitrogen fixation (BNF), is a biochemical process on our planet, following photosynthesis (Wagner, 2011).
Nitrogen fixation plays a crucial role in mitigating the reliance on mineral fertilizers and mitigating their adverse environmental impacts (Rehan et al., 2018). When legumes are adequately nodulation, they have the ability to fix approximately 60-80% of their nitrogen (N) (Papastylianou, 1988). Rhizobia strains, might affect legumes' biological nitrogen fixation potential with regards to N2-fixation particularly in cases where the native rhizobia populations are scarce or inefficient (Carranca et al., 1999; Kantar et al., 2010). This is especially true when the biofertilizers, such as Rhizobium, contain components that enhance nutrient absorption and nutrient usage efficiency (Thonar et al., 2017). 
The impact of and the application of P, Zn, and Rhizobium inoculation on the concentration of mineral nutrients absorbed by the Rhizosphere of field-grown chickpea in different soil types. To maximize crop output without compromising soil health, a thorough investigation of the combined effects of phosphorous, zinc, and rhizobia inoculation is required. regarding optimal cultivation practices for this chickpea variety. The data collected will contribute to future research and development efforts aimed at improving chickpea yields and sustainability in the region.




2. Materials and Methods 
The present investigation was undertaken for 2 years in Rabi seasons. The first trial was conducted during the Rabi season of 2023-24, while the second trial was sown during the Rabi season of 2024-25 at the Student Instructional Farm, C. S. Azad University of Agriculture and Technology, Kanpur. These trials aimed to evaluate the effects of various treatments on Chickpea (Cicer arietinum L.) variety KPG-59 (Uday), using a Factorial Randomized Block Design (FRBD) with three replications.
2.1 Description of Experimental Site
CSAUAT, Kanpur is situated in the western part of the city, falling under the fifth Agro-Climatic Zone (Central Plain Zone) of the sub-tropical region. The university’s main campus farm, which is properly levelled and irrigated, is supplied with water from a dedicated irrigation tube well.
2.2 Climate:
The temperature starts rising from the month of February onwards and continue to rise up to June. The temperature in the month of May to June may go up to the 44 - 47 0C. The hot winds blow from South - West to North - East during summer.  The crop in Rabi season received total rainfall of 89.2 mm and 1.9 mm during 2023-24 and 2024-25 respectively.  The minimum temperature ranged from 5.1 ℃ to 20 ℃ during 2023 - 24 and 6.2 0C to 17.4 0C during 2024 - 25, while the exposed maximum temperature ranged from 12.5 ℃ to 35.8 ℃ in 2023 -24 and 15.2 ℃ to 35.4℃ during 2024 - 25.

2.3 Detail of treatment and design
The eighteen treatments combination of nutrient management practices having three each phosphorus levels (0, 30 and 60 kg ha-1) and zinc levels (0, 2.5, 5.0 kg ha-1) along with and without seed inoculation of Rhizobium were formulated (List 1). Experiment was laid out in Factorial Randomized Block Design (FRBD) with three replications (Yadav et al., 2022).





List 1.  Detail of treatment combination
	S. No.
	Treatments Details
	Symbol

	T1
	0 kg phosphorus + 0 kg zinc without rhizobium
	P0 Zn0 R0

	T2
	0 kg phosphorus + 2.5 kg zinc without rhizobium
	P0 Zn1R0

	T3
	0 kg phosphorus + 5 kg zinc without rhizobium
	P0 Zn2 R0

	T4
	30 kg phosphorus + 0 kg zinc without rhizobium
	P30 Zn0 R0

	T5
	30 kg phosphorus + 2.5 kg zinc without rhizobium
	P30 Zn1 R0

	T6
	30 kg phosphorus + 5 kg zinc without rhizobium
	P30 Zn2 R0

	T7
	60 kg phosphorus + 0 kg zinc without rhizobium
	P60 Zn0 R0

	T8
	60 kg phosphorus + 2.5 kg zinc without rhizobium
	P60 Zn1 R0

	T9
	60 kg phosphorus + 5 kg zinc without rhizobium
	P60 Zn2 R0

	T10
	0 kg phosphorus + 0 kg zinc with rhizobium
	P0 Zn0 R1

	T11
	0 kg phosphorus + 2.5 kg zinc with rhizobium
	P0 Zn1 R1

	T12
	0 kg phosphorus + 5 kg zinc with rhizobium
	P0 Zn2 R1

	T13
	30 kg phosphorus + 0 kg zinc with rhizobium
	P30 Zn0 R1

	T14
	30 kg phosphorus + 2.5 kg zinc with rhizobium
	P30 Zn1 R1

	T15
	30 kg phosphorus + 5 kg zinc with rhizobium
	P30 Zn2 R1

	T16
	60 kg phosphorus + 0 kg zinc with rhizobium
	P60 Zn0 R1

	T17
	60 kg phosphorus + 2.5 kg zinc with rhizobium
	P60 Zn1 R1

	T18
	60 kg phosphorus + 5 kg zinc with rhizobium
	P60 Zn2 R1



2.4 Statistical Analysis:
According to Panse and Sukhatme (1985) description of the Factorial Randomized Block Design (FRBD), the experimental data gathered from the field trials were subjected to statistical analysis. The significance of the treatment effects of rhizobium, zinc, and phosphorus inoculation as well as their interactions on soil physico-chemical properties and chickpea development was assessed using OPSTAT software developed by CCSHAU, Hissar. The F-test was used to determine whether the changes between treatments were significant at a 5% probability level (P < 0.05). The Critical Difference (CD) was calculated at the same probability level to comparison among treatment means when the F-value was significant. "NS" stood for "statistically non-significant" treatment differences.
3. [bookmark: _GoBack]Result and Discussion
3.1 Physico-Chemical properties of soil before sowing of the crop
Before crops were planted, soil samples were gathered and analyzed in the Department of Soil Science and Agricultural Chemistry laboratory. The physico-chemical parameter values for 2023 and 2024 are shown in Table 1. The bulk density was 1.41 and 1.40 Mg m⁻³, the particle density was 2.69 and 2.68 Mg m⁻³, the electrical conductivity was 0.35 and 0.34 d Sm⁻¹, and the soil's pH values were 7.77 and 7.69, respectively.
Table 1. Physico-Chemical properties of soil before sowing of the crop
	S. No.
	Soil characters
	Value
	           Method employed

	
	
	2023-24
	2024-25
	

	1.
	Soil reaction (pH)
(1:2.5 soil water suspension)
	7.77
	7.69
	Glass electrode pH meter (Jackson, 1967)

	2.
	Electrical Conductivity (dSm-1) Electrical conductivity Bridge (1:2.5 Soil Water Suspension)
	0.35
	0.34
	Conductivity bridge (Jackson, 1967)

	3
	Bulk density (Mg m3)
	1.41
	1.40
	H

	4
	Particle density (Mg m3)
	2.69
	2.68
	Relative Density Bottle (Pycnometer Method)
(Richards, 1954)



3.2 pH
The data presented to pH was depicted in table 2. The mean pooled pH of two years experimentation was 7.84 and 7.83 pooled mean respectively. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the quality parameters are described in the following columns.
Effect of phosphorus
The data presented in table 2 shows that application of phosphorus significantly influenced pH of chickpea across both years and in pooled mean data. The pH increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest pH was recorded under the control (P₀) with mean values of 7.81, 7.87 during 2023-24, 2024-25, and 7.84 pooled mean, respectively. In contrast, the highest pH was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5 kg ha⁻¹, with values of 7.83, 7.80 and 7.81 respectively. Enhanced the pH can be attributed to higher phosphorus application to the crop.
Effect of Zinc
The table 2 indicate that Zinc levels had a significant influence on pH of chickpea. The Incremental doses of zinc improved quality parameters over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean 7.81, 7.87 during 2023-24, 2024-25 and 7.84 pooled mean was recorded with Zno, while application of Zn2.5 kg ha⁻¹ produced highest pH, with the maximum 7.83, 7.80 and 7.81 in 2023-24, 2024-25 and pooled mean of observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn2.5
Effect of rhizobium 
The application of Rhizobium significantly has increased the pH during both the year at the time of after harvest of the crop. pH of chickpea was 7.84,7.83 and 7.84 without rhizobium during 2023-24, 2024-25 and pooled mean, while with rhizobium, the mean pH was recorded to be 7.83, 7.82 and 7.83, respectively. 
Interaction effect: 
The interaction effect of Rhizobium, Phosphorous and Zinc levels were however significant.

[bookmark: _gjdgxs]3.2 Electrical Conductivity (d Sm-1)
The data presented to EC was depicted in table 2 The mean pooled EC of two years experimentation was 0.348 and. 338 pooled mean respectively. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the quality parameters are described in the following columns.
Effect of phosphorus
The data presented in table 2 shows that application of phosphorus significantly influenced EC of chickpea across both years and in pooled mean data. The EC increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest EC was recorded under the control (P₀) with mean values of 0.345, 0.350 during 2023–24, 2024–25, and 0.348 pooled mean, respectively. In contrast, the highest pH was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc5 kg ha⁻¹, with values of 0.320, 0.360 and 0.340 respectively. Enhanced the pH can be attributed to higher phosphorus application to the crop.
Effect of Zinc
The table 2 indicate that Zinc levels had a significant influence on EC of chickpea. The Incremental doses of zinc improved quality parameters over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean 0.345, 0.350 during 2023-24, 2024-25 and 0.348 pooled mean was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced highest pH, with the maximum 0.320, 0.360 and 0.340 in 2023-24, 2024-25 and pooled mean of observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn2.5 
Effect of rhizobium 
The application of Rhizobium significantly has increased the EC during both the year at the time of after harvest of the crop. EC of chickpea was 0.346, 0.344 and 0.345 without rhizobium during 2023-24, 2024-25 and pooled mean, while with rhizobium, the mean EC was recorded to be 0.327, 0.334 and 0.330 respectively. 
Interaction effect: The interaction effect of Rhizobium, Phosphorous and Zinc levels were however significant, but Rhizobium and phosphorus was significant.












Table 2. Effect of Rhizobium, Phosphorus and Zinc levels on pH and Electrical Conductivity (d Sm-1) after harvest of the crop
	Treatments
	pH
	Electrical Conductivity (d Sm-1)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	7.85
	7.82
	7.84
	0.330
	0.330
	0.330

	P0 Zn2.5 R0
	7.86
	7.84
	7.85
	0.340
	0.340
	0.340

	P0 Zn5 R0
	7.84
	7.86
	7.85
	0.330
	0.340
	0.335

	P30 Zn0 R0
	7.90
	7.87
	7.89
	0.360
	0.350
	0.355

	P30 Zn2.5 R0
	7.81
	7.79
	7.80
	0.370
	0.350
	0.360

	P30 Zn5 R0
	7.85
	7.84
	7.85
	0.350
	0.330
	0.340

	P60 Zn0 R0
	7.78
	7.83
	7.81
	0.330
	0.310
	0.320

	P60 Zn2.5 R0
	7.85
	7.85
	7.85
	0.350
	0.330
	0.340

	P60 Zn5 R0
	7.78
	7.79
	7.79
	0.350
	0.420
	0.385

	P0 Zn0 R1
	7.76
	7.91
	7.84
	0.360
	0.370
	0.365

	P0 Zn2.5 R1
	7.87
	7.88
	7.88
	0.340
	0.340
	0.340

	P0 Zn5 R1
	7.85
	7.89
	7.87
	0.320
	0.330
	0.325

	P30 Zn0 R1
	7.91
	7.90
	7.91
	0.350
	0.350
	0.350

	P30 Zn2.5 R1
	7.83
	7.80
	7.82
	0.330
	0.336
	0.333

	P30 Zn5 R1
	7.87
	7.75
	7.81
	0.310
	0.320
	0.315

	P60 Zn0 R1
	7.79
	7.74
	7.77
	0.320
	0.330
	0.325

	P60 Zn2.5 R1
	7.80
	7.74
	7.77
	0.320
	0.330
	0.325

	P60 Zn5 R1
	7.81
	7.77
	7.79
	0.290
	0.300
	0.295

	S.E.(m) ±
	P 0.047
Zn0.07
Rh0.039
	P 0.047
Zn0.047
Rh0.038
	P 0.049
Zn0.049
Rh0.040
	P 0.002
Zn 0.002
Rh 0.002
	P 0.002
Zn 0.002
Rh 0.002
	P 0.002
Zn 0.02
Rh 0.002

	CD at 5%
	P NS
Zn NS
Rh NS
	P NS
Zn NS
Rh0.NS
	P NS
Zn NS
Rh NS
	P 0.006
Zn 0.006
Rh 0.005
	P NS
Zn NS
Rh0.005
	P 0.007
Zn 0.007
Rh 0.005





	Fig 1: Effect of different levels of Rhizobium, Phosphorus and Zinc on Electrical Conductivity (d Sm-1) after crop harvest
Fig 2:  Effect of different levels of Rhizobium, Phosphorus and Zinc on pH after crop harvest 
3.3 Bulk Density (Mg m-3)
The data presented to Bulk Density (Mg m-3) was depicted in table 3. The mean pooled Bulk Density Mg m-3) of two years experimentation was 1.40 and 1.38 pooled mean respectively. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea performance are described in the following columns.
Effect of phosphorus
The data presented in table 3 shows that application of phosphorus non-significantly influenced Bulk Density (Mg m-3) of chickpea across both years and in pooled mean data. The Bulk Density (Mg m-3) increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest Bulk Density (Mg m-3) was recorded under the control (P₀) with mean values of 1.41, 1.41 during 2023-24, 2024-25, and 1.40 pooled mean, respectively. In contrast, the highest Bulk Density (Mg m-3) was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5 kg ha⁻¹, with values of 1.41, 1.38 and 1.39 respectively. Enhanced the Bulk Density (Mg m-3) can be attributed to higher phosphorus application to the crop.
Effect of Zinc
The table 3 indicate that Zinc levels had a non-significant influence on Bulk Density (Mg m-3) of chickpea. The Incremental doses of zinc improved soil parameters over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean 1.41, 1.41 during 2023-24, 2024-25 and 1.40 pooled mean was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced highest Bulk Density (Mg m-3), with the maximum 1.41, 1.38 and 1.39 in 2023-24, 2024-25 and pooled mean of observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn2.5 kg ha⁻¹
Effect of rhizobium 
[bookmark: _30j0zll]The application of Rhizobium significantly has increased the Bulk Density (Mg m-3) during both the year at the time of after harvest of the crop. Bulk Density (Mg m-3) of chickpea was 1.41, 1.38 and 1.40 without rhizobium during 2023-24, 2024-25 and pooled mean, while with rhizobium, the mean Bulk Density (Mg m-3) was recorded to be 1.37, 1.35 and 1.36, respectively.
Interaction effect: 



The interaction effect of Rhizobium, Phosphorous and Zinc levels on bulk density were however non-significant



3.3 Particle Density (Mg m-3)
The data presented to Particle Density (Mg m-3) was depicted in table 3. The mean pooled Particle Density (Mg m-3) of two years experimentation was 2.70 and 2.69 pooled mean respectively. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the quality parameters are described in the following columns.
Effect of phosphorus
The data presented in table 3 shows that application of phosphorus non-significantly influenced Particle Density (Mg m-3) of chickpea across both years and in pooled mean data. The Particle Density (Mg m-3) increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest Particle Density (Mg m-3)) was recorded under the control (P₀) with mean values of 2.71, 2.70 during 2023-24, 2024-25, and 2.70 pooled mean, respectively. In contrast, the highest Particle Density (Mg m-3) was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc5 kg ha⁻¹, with values of 2.70, 2.69 and 2.69, respectively. Enhanced the PD. (Mg m-3) can be attributed to higher phosphorus application to the crop.
Effect of Zinc
The table 3 indicate that Zinc levels had a non-significant influence on Particle Density (Mg m-3) of chickpea. The Incremental doses of zinc improved soil parameters over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean 2.71, 2.70 during 2023-24, 2024-25 and 2.70 pooled mean was recorded with Zn0, while application of Zn5 kg ha⁻¹ produced highest Particle Density (Mg m3)), with the maximum 2.70, 2.69 and 2.69 in 2023-24, 2024-25 and pooled mean of observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn5 kg ha⁻¹
Effect of rhizobium 
The application of Rhizobium Non-significantly has increased the Particle Density (Mg m-3) during both the year at the time of after harvest of the crop. Particle Density (Mg m-3) of chickpea was 2.70, 2.69 and 2.69 without rhizobium during 2023-24, 2024-25 and pooled mean, while with rhizobium, the mean Particle Density (Mg m-3) was recorded to be 2.69,2.68 and 2.68, respectively.
Interaction effect: 
The interaction effect of Rhizobium, Phosphorous and Zinc levels were however non-significant.
Table 3. Effect of Rhizobium, Phosphorus and Zinc levels on Bulk density and Particle Density (Mg m-3) after harvest of the crop
	Treatments
	Bulk density (Mg m-3)
	Particle Density (Mg m-3)

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	1.42
	1.40
	1.41
	2.71
	2.70
	2.71

	P0 Zn2.5 R0
	1.41
	1.39
	1.40
	2.70
	2.69
	2.70

	P0 Zn5 R0
	1.42
	1.40
	1.41
	2.71
	2.70
	2.71

	P30 Zn0 R0
	1.43
	1.39
	1.41
	2.70
	2.69
	2.70

	P30 Zn2.5 R0
	1.40
	1.37
	1.39
	2.69
	2.68
	2.69

	P30 Zn5 R0
	1.39
	1.36
	1.38
	2.68
	2.67
	2.68

	P60 Zn0 R0
	1.41
	1.38
	1.40
	2.70
	2.69
	2.70

	P60 Zn2.5 R0
	1.42
	1.39
	1.41
	2.69
	2.68
	2.69

	P60 Zn5 R0
	1.38
	1.35
	1.37
	2.70
	2.69
	2.70

	P0 Zn0 R1
	1.39
	1.37
	1.38
	2.70
	2.69
	2.70

	P0 Zn2.5 R1
	1.38
	1.36
	1.37
	2.69
	2.68
	2.69

	P0 Zn5 R1
	1.37
	1.35
	1.36
	2.70
	2.69
	2.70

	P30 Zn0 R1
	1.39
	1.37
	1.38
	2.69
	2.68
	2.69

	P30 Zn2.5 R1
	1.36
	1.34
	1.35
	2.68
	2.67
	2.68

	P30 Zn5 R1
	1.35
	1.33
	1.34
	2.67
	2.66
	2.67

	P60 Zn0 R1
	1.38
	1.36
	1.37
	2.69
	2.68
	2.69

	P60 Zn2.5 R1
	1.39
	1.37
	1.38
	2.68
	2.67
	2.68
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	1.34
	1.33
	1.34
	2.69
	2.68
	2.69

	S.E.(m) ±
	P 0.007
Zn 0.009
Rh 0.007
	P 0.009
Zn 0.009
Rh 0.007
	P 0.010
Zn 0.010
Rh 0.008
	P 0.019
Zn 0.019
Rh 0.016
	P 0.019
Zn 0.019
Rh 0.015
	P 0.017
Zn 0.017
Rh 0.014

	CD at 5%
	P NS
Zn NS
Rh 0.021
	P NS
Zn NS
Rh0.020
	P NS
Zn NS
Rh 0.022
	P NS
Zn NS
Rh NS
	P NS
Zn NS
Rh NS
	P NS
Zn NS
Rh NS



Fig. 3: Effect of different levels of Rhizobium, Phosphorus and Zinc on Bulk density after crop harvest

Fig. 2: Effect of different levels of Rhizobium, Phosphorus and Zinc on Particle Density (Mg m-3) after crop harvest 

4. Conclusion
The study showed that applying phosphorus, zinc, and rhizobium inoculation together greatly improved the physico-chemical characteristics of the soil and boosted chickpea performance. When combined with zinc (2.5-5.0 kg ha⁻¹) and rhizobium inoculation, raising phosphorus levels to 60 kg ha⁻¹ increased the pH, electrical conductivity, bulk density, and particle density of the soil in comparison to the control. The two best treatments that improved soil health and crop performance were T17 (60 kg P + 2.5 kg Zn + Rhizobium) and T18 (60 kg P + 5.0 kg Zn + Rhizobium). This study demonstrates that the combined application of phosphorus, zinc, and rhizobium inoculation significantly enhances soil physicochemical properties and improves chickpea growth and yield. Under similar agroclimatic conditions, this integrated nutrient management approach proves to be highly effective-not only in boosting chickpea productivity but also in maintaining long-term soil fertility. The most promising results were observed when all three inputs were applied together, underscoring their synergistic impact on soil health and crop performance.
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Particle Density (Mg m-3)
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