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ABSTRACT
[bookmark: _GoBack]Field experiments were conducted to Phosphorus, Zinc and Rhizobium inoculation on growth parameters of Chickpea (Cicer arietinum L.) during rabi season of 2023-24 and 2024-25 at student’s instructional farm, Chandra Shekhar Azad University of Agriculture & Technology, Kanpur. The experiment consists of 18 treatments combinations in factorial randomized block design with three replications consisted of three levels of phosphorous (0, 30 and 60 kg ha-1) and three zinc levels (0, 2.5 and 5.0 kg ha-1) and two rhizobium inoculation levels (with rhizobium and without rhizobium). variety of Chickpea KPG-59 (Uday) was grown with the recommended cultural practices. On the basis of results emanated from investigation it can be concluded that among the growth parameters maximum plant height (cm) at 90 DAS and at harvest is 46.39 cm & 51.56 cm with T18 [60 kg P + 5 kg-1 Zinc with Rhizobium] and T17 [60 kg P + 2.5 kg-1 Zinc with Rhizobium]., maximum number of nodules per plant at 60 DAS during first year 16.82 and second year is 16.96 was associated with the treatment with T18 [60 kg P + 5 kg-1 Zinc with Rhizobium] and T17 [60 kg P + 2.5 kg-1 Zinc with Rhizobium]. maximum number of dry weight of nodules (mg) per plant at 60 DAS during first year 187.15 and second year is 191 was associated with the treatment T17 [60 kg P + 2.5 kg-1 Zinc with Rhizobium].  maximum number of branches is 34.75 and 36.60 during the both years of experimentation are associated with the treatment T17 [60 kg P+ 2.5 kg-1 Zinc with Rhizobium] and maximum number of plant population (m-2) at maturity DAS during first year 43.79 and second year is 45.40 was associated with the treatment T18 [60 kg P + 5 kg-1 Zinc with Rhizobium].
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1. INTRODUCTION
The primary obstacle faced by India pertains to its incessantly expanding population and the concomitant necessity to align it with food production. According to the Food and Agriculture Organization (FAO, 2010) it is projected that by the year 2025, India will require approximately 300 million tons of food grain to sustain its estimated population of 1,400 million individuals. In the Indian context, it is observed that the available arable land is constrained, and there is evidence to suggest that the carrying capacity of land has been surpassed. Due to the constraints imposed by a finite land area, it is imperative to enhance productivity (United Nations, 2011).
The chickpea, scientifically known as Cicer arietinum L., is a leguminous crop that is cultivated during the winter season. Additionally, it is consumed by individuals as a green vegetable. From a global perspective, it is noteworthy to acknowledge that chickpea holds the esteemed position of being the third most prominent pulse crop, following the esteemed French beans (Phaseolus vulgaris L.) (Kushwah et al., 2021). 
Chickpea has a highly commendable reservoir of nutrients assumes a crucial function in many aspects of population sustenance, particularly for a substantial demography within both developing and developed nations (Jukanti A.K. et al., 2012).Chickpeas (Cicer arietinum L.) are a rich source of essential nutrients and play a vital role in food security and nutrition, particularly in both developing and developed countries due to their high protein content, dietary fiber, and micronutrient composition. (Jukanti A.K. 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, A. K. et al., 2012). Additionally, it contains various minerals such as 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-1 and 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. This notable achievement was accomplished through the 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) (Ministry of agriculture and Farmers Welfare Agricultural Statistics at a Glance, 2023).
In Uttar Pradesh, the cultivation of Chickpea spans across an approximate land area of 8.24 million hectares. The annual yield of Chickpea in this region amounts to approximately 9.97 million metric tons, resulting in a productivity rate of 1.08 metric tons per hectare (Kumar and Singh, 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).
Phosphorus (P) is recognized as a crucial element in plant nutrition due to its involvement in various functions pertaining to the growth, development, and metabolism of plants (Nosheen and Shafique, 2006). It is commonly 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 of utmost significance in the facilitation of root growth and development, strengthening of stalk framework, 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 and 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. Additionally, it plays a regulatory role in managing sugar levels within plants, as highlighted by (Verma et al., 2004). A deficiency in zinc has been observed to result in a decrease in stem elongation, auxin activities, protein synthesis, flowering, and fruit development. Additionally, there is evidence to suggest that the growth period is extended, leading to a delay in maturity (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 A B et al., 2020).
Similarly, zinc is also an important micro nutrient element which increases resistance to disease in plant. 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 viable alternative and has emerged as the second most significant 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) requirements (Papastylianou, 1988). The biological nitrogen fixation capacity of legumes is subject to the influence of multiple biotic and abiotic factors and the presence of highly efficient and competitive rhizobia strains. Nevertheless, there have been reports indicating that chickpea exhibits inferior performance compared to other grain legumes 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).
The efficacy of fertilizers is increased by co-applying them by increasing their solubility and concentration in the soil solution, particularly when the bio fertilizers like Rhizobium include components that improve nutrient absorption and nutrient usage efficiency (Thonar et al., 2017). A lack of information exists in the literature, nevertheless, on the impact of P and Zn fertilization, Rhizobium inoculation, and the application of P, Zn plus Rhizobium inoculation on the concentration of mineral nutrients uptake by the Rhizosphere of field-grown chickpea in various soil types. A detailed study on interactive effect of Phosphorous, Zinc and Rhizobia inoculation is necessary to get optimal productivity from the crop without deteriorating soil health.
2. MATERIALS AND METHODS 
The present investigation, entitled “Studies on the Effect of Phosphorus, Zinc, and Rhizobium Inoculation on Growth of Chickpea (Cicer arietinum L.) in Uttar Pradesh,” 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.
Description of Experimental Site
CSAUAT, Kanpur is situated in the western part of the city, falling under the 5th 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 
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.
Detail of treatments and design
The 18 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 (Table 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



Growth parameters
Following observations for growth parameters were recorded for each trait.
Measurement of Growth Variables
Plant height (cm):
The individual plant heights were measured from the soil surface at the base to the peak of the main stem along a scale bar and in centimeters at 30,60, 90 and harvest stages. Mean individual plant heights in each plot were determined based on five individual plants.
Number of nodules plant-1:
There were five plants carefully pulled out and gently washed to free attached soil. Manually, the number of nodules for each whole root system of each plant was counted and averaged to provide mean nodule number per plant for each treatment. Observations were taken at 30, 45 and 60 Days after Sowing.
Dry weight of nodules (mg plant-¹):
Subsequently, the nodules per plant were separated and stored in pre-labeled paper envelopes. They were dried in an oven at 60 ± 2°C for 72 hours or until a constant weight, after which the dry weight was determined under an analytical balance and expressed as milligrams per plant. Observations were taken at 30, 45 and 60 Days after Sowing.
Number of branches plant-1:
The number of branches along the main stem, including primary and visible secondary branches, was counted for each of the five plants that were sampled. Next, the mean number of branches per plant was calculated for each plot.
Plant Population (m⁻2):
Measurement of plant population included the enumeration of number of upright, viable plants in a quadrat (1m × 1m or 0.5m²) set at two randomly selected localities in net plot region. Mean number was further converted to plants per square meter density as per the following formula (Bonham, C. D., 2013).


The resulting values were averaged for each plot and used for statistical analysis.
Statistical Analysis:
Analysis of Variance (ANOVA) technique was used in the case of a Factorial Randomized Block Design (FRBD), as described by Panse and (Sukhatme, 1985). Data were analyzed using SPSS software. Significance of variation between treatments was established based on an F-test under a 5% probability value (P ≤ 0.05). Where the F-value became significant, the critical difference (CD) under a 5% probability value was computer-calculated to facilitate comparison among treatment means among themselves. Non-significant differences were designated as "NS."
Interaction effects resulting from phosphorus, zinc, and Rhizobium inoculation were compared against levels of significance. Graphics illustrating treatment effects for the growth parameters were generated utilizing Microsoft Excel to facilitate a better graphical interpretation of trends.
3. Result and Discussion
 Plant Height (cm)
Effect of Phosphorus
The data pertaining to plant height cm of chickpea are portrayed in table 1 and displayed in figure 1. Application of phosphorus significantly enhanced plant height at all stages of crop growth. The increase was consistent with the rise in phosphorus levels from 0 to 60 kg P₂O₅ ha⁻¹. The lowest plant height was recorded in the control (P₀) treatment with mean values of 9.21, 9.73, and 9.47 cm at 30 DAS; 22.48, 23.29, and 22.89 cm at 60 DAS; 43.08, 43.80, and 43.44 cm at 90 DAS; and 46.63, 47.55, and 47.09 cm at harvest during 2023–24, 2024–25, and pooled mean, respectively. The highest values were obtained with 60 kg P₂O₅ ha⁻¹ (P₆₀) which recorded 11.49, 11.79, and 11.64 cm at 30 DAS; 25.17, 26.43, and 25.80 cm at 60 DAS; 47.35, 48.34, and 47.84 cm at 90 DAS; and 53.09, 54.03, and 53.56 cm at harvest, respectively. The significant increase in plant height with phosphorus application may be attributed to its crucial role in promoting root development, energy transfer, and cell division, resulting in vigorous vegetative growth. These findings are in agreement with those of (Kumar et al., 2019) and (Rani et al., 2021), who also reported enhanced plant height in chickpea due to phosphorus fertilization up to 60 kg P₂O₅ ha⁻¹.
Effect of Zinc
Zinc application also significantly affected plant height during both the years. The lowest mean plant height was recorded in the control (Zn₀), while application of 2.5 and 5.0 kg Zn ha⁻¹ resulted in gradual improvement in plant height. The maximum mean plant height (53.59 cm) was obtained under Zn2.5 at harvest. Zinc is an integral component of enzyme structures and it is also a regulatory cofactor for many enzymes that are required for the synthesis of chlorophyll, proteins, and carbohydrate participating in the synthesis of precursor tryptophan in the metabolism of indoleacetic acid, which is a plant hormone directly related to the development of plants (Divya Dubey and Girish Chandra Pathak, 2024), Zinc is an essential element for many enzyme systems, auxin and protein synthesis, seed production, and the pace of maturity (Singh et al., 2024) who observed significant improvement in chickpea growth and yield attributes with moderate zinc fertilization.
Effect of Rhizobium Inoculation
Rhizobium inoculation markedly increased plant height at all stages in both the years and in pooled data. Inoculated plants recorded 10.80, 11.02, and 10.91 cm at 30 DAS; 25.92, 26.98, and 26.45 cm at 60 DAS; 49.02, 50.05, and 49.54 cm at 90 DAS; and 55.35, 56.37, and 55.86 cm at harvest, compared to 10.00, 10.41, and 10.20 cm; 22.60, 23.52, and 23.06 cm; 42.71, 43.78, and 43.24 cm; and 46.81, 47.71, and 47.26 cm in uninoculated plots, respectively. The significant improvement in plant height with inoculation may be due to enhanced biological nitrogen fixation, which increased nitrogen availability to the crop, thereby promoting better vegetative growth. These results are in conformity with those reported by (Khadka et al., 2020) and (Saini et al., 2022), who found that Rhizobium inoculation improved plant height and overall biomass accumulation in chickpea through enhanced nodulation and nitrogen uptake.
Interaction Effects
The interaction among phosphorus, zinc, and Rhizobium inoculation on plant height was found to be statistically non-significant at all growth stages. However, numerically higher values were observed under the combined application of 60 kg P₂O₅ ha⁻¹ + 2.5 kg Zn ha⁻¹ + Rhizobium inoculation, indicating a complementary effect of these inputs in enhancing plant growth and development.









Table 1. Effect of Rhizobium, P and Zn levels on plant height (cm)
	Treatments
	Plant height (cm)

	
	30 DAS
	60 DAS
	90 DAS
	At Harvest

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	8.88
	9.44
	9.16
	21.04
	21.68
	21.36
	39.81
	40.14
	39.98
	41.11
	42.14
	41.63

	P0 Zn2.5 R0
	9.44
	9.76
	9.60
	22.22
	23.34
	22.78
	41.55
	44.00
	42.78
	43.67
	44.67
	44.17

	P0 Zn5 R0
	9.84
	10.19
	10.01
	22.56
	23.34
	22.95
	43.00
	44.22
	43.61
	45.22
	46.22
	45.72

	P30 Zn0 R0
	10.04
	10.24
	10.16
	22.28
	23.39
	22.84
	42.44
	43.44
	42.94
	47.89
	48.55
	48.22

	P30 Zn2.5 R0
	10.12
	10.47
	10.30
	23.01
	23.78
	23.39
	43.22
	44.22
	43.72
	48.22
	49.17
	48.70

	P30 Zn5 R0
	10.19
	10.56
	10.37
	23.14
	23.89
	23.52
	43.56
	44.56
	44.06
	48.89
	48.83
	48.86

	P60 Zn0 R0
	10.31
	10.67
	10.49
	22.91
	23.72
	23.32
	43.00
	43.88
	43.44
	48.11
	49.89
	49.00

	P60 Zn2.5 R0
	10.82
	11.40
	11.11
	23.04
	24.11
	23.58
	43.56
	44.56
	44.06
	49.00
	49.89
	49.45

	P60 Zn5 R0
	10.32
	10.92
	10.62
	23.22
	24.44
	23.83
	44.22
	45.00
	44.61
	49.22
	50.00
	49.61

	P0 Zn0 R1
	9.53
	10.01
	9.77
	23.91
	24.90
	24.41
	46.35
	47.45
	46.90
	52.15
	52.95
	52.55

	P0 Zn2.5 R1
	10.05
	10.39
	10.22
	25.01
	26.11
	25.56
	47.45
	48.42
	47.94
	53.25
	54.35
	53.80

	P0 Zn5 R1
	10.79
	10.93
	10.86
	25.75
	26.89
	26.32
	48.76
	49.74
	49.25
	55.12
	55.98
	55.55

	P30 Zn0 R1
	10.80
	10.92
	10.86
	25.37
	26.47
	25.92
	48.89
	49.87
	49.38
	54.64
	56.22
	55.43

	P30 Zn2.5 R1
	10.95
	11.09
	11.02
	26.30
	27.50
	26.90
	49.50
	50.48
	49.99
	55.98
	57.35
	56.67

	P30 Zn5 R1
	10.93
	11.11
	11.02
	26.44
	27.38
	26.91
	49.79
	50.78
	50.28
	55.86
	56.84
	56.35

	P60 Zn0 R1
	10.99
	11.23
	11.11
	26.35
	27.62
	26.98
	49.62
	50.66
	50.14
	55.98
	57.08
	56.53

	P60 Zn2.5 R1
	12.16
	12.18
	12.17
	27.29
	28.75
	28.02
	50.36
	51.39
	50.88
	58.18
	58.45
	58.32

	P60 Zn5 R1
	11.00
	11.28
	11.14
	26.89
	27.21
	27.05
	50.47
	51.68
	51.07
	56.96
	58.06
	57.51

	S.E.(m) ±
	P 0.12
Zn 0.12
Rh 0.10
	P 0.13
Zn 0.13
Rh 0.10
	P 0.12
Zn 0.12
Rh 0.10
	P 0.31
Zn 0.31
Rh 0.25
	P 0.33
Zn 0.33
Rh 0.27
	P 0.21
Zn 0.32
Rh 0.26
	P 0.59
Zn 0.59
Rh 0.48
	P 0.57
Zn 0.57
Rh 0.46
	P 0.50
Zn0.50
Rh 0.41
	P 0.53
Zn0.53
Rh 0.43
	P 0.53
Zn0.53
Rh 0.43
	P 0.56
Zn0.56
Rh 0.46

	CD at 5%
	P 0.36
Zn 0.36
Rh 0.29
	P 0.37
Zn 0.37
Rh 0.30
	P 0.37
Zn 0.37
Rh 0.30
	P 0.90
Zn NS
Rh 0.73
	P 0.95
Zn NS
Rh 0.77
	P 0.92
Zn NS
Rh 0.75
	P 1.72
Zn NS
Rh 1.40
	P 1.6
Zn NS
Rh 1.13
	P 1.45
Zn NS
Rh 1.18
	P 1.54
Zn 1.54
Rh 1.25
	P 1.54
Zn NS
Rh 1.26
	P 1.62
Zn NS
Rh 1.32





Fig. 1. Effect of Rhizobium, P and Zn levels on plant height (cm)
Number of nodules plant-1:
The data pertaining to number of nodules plant-1 of chickpea are portrayed in table 2 and displayed in figure 2 mean pooled number of nodules plant-1 of two years experimentation was 6.07, 11.28 and 15.93 respectively, at 30, 45 and 60 days of the crop. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the growth characters are described in the following columns.
[bookmark: _Hlk211202682]Effect of phosphorus
The application of phosphorus significantly influenced number of nodules plant-1 at 30 DAS across both years and in pooled mean data. The number of nodules plant-1 increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest number of nodules was recorded under the control (P₀) with mean values of 4.93, 5.12, and 5.03 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest number of nodules was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5, with values of 6.44, 6.78, and 6.61, respectively. The enhanced number of nodules plant-1 can be attributed to higher phosphorus application to the crop. The data pertaining to application of phosphorus significantly influenced number of nodules plant-1 at 45 DAS across both years and in pooled mean data. The number of nodules increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest number of nodules was recorded under the control (P₀) with mean values of 9.94, 10.14, and 10.04 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest number of nodules plant-1 was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc5, with values of 11.45, 11.98, and 11.71 respectively.  Similarly, the data indicated that application of phosphorus significantly influenced number of nodules plant-1 at 60 DAS across both years and in pooled mean data. The number of nodules increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest number of nodules was recorded under the control (P₀) with mean values of 14.18, 14.59, and 14.38 during 2023–24, 2024–25, and pooled mean, In contrast, the highest number of nodules was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5, with values of 16.82, 16.96 and 16.89 respectively.
Effect of Zinc
The Zinc levels also had a significant influence on number of nodules plant-1 at 30 DAS. Incremental doses of zinc improved number of nodules over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean number of nodules of 4.93, 5.12 and 5.03 during 2023-24. 2024-25 and pooled mean was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ and Zn5.0 kg ha⁻¹ produced higher number of nodules, with the maximum number of nodules of 6.44 in 2023-24, 6.78 in 2024-25 and pooled mean of 6.61 observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn2.5. The data of Zinc levels also had a significant influence on number of nodules plant-1 at 45 DAS. Incremental doses of zinc had non-significant effect on number of nodules over both the years of study. However, Zinc application had significant effect on number of nodules plant-1 during 2023-24. The lowest mean number of nodules (pooled mean) of 9.94, 10.14 and 10.04 was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced higher number of nodules plant-1, with the maximum number of nodules of 11.45, 11.98 and 11.71 in 2024-25 observed under the combination of Rhizobium/without Rhizobium + P60+ Zn5.  The data pertaining indicate that Zinc levels also had a significant influence on number of nodules plant-1 at 60 DAS. Incremental doses of zinc had non-significant effect on number of nodules plant-1 over both the years of study. However, Zinc application had significant effect on number of nodules during 2023-24. The lowest mean number of nodules plant-1 (pooled mean) of 14.18, 14.59 and 14.38 was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced higher number of nodules, with the maximum number of nodules plant-1 of 16.82, 16.96 and 16.89 in 2024-25 observed under the combination of Rhizobium/without Rhizobium + P60+ Zn2.5.
Effect of rhizobium 
The application of Rhizobium has increased the number of nodules plant-1 of chickpea crop during both the year at 30, 45, and 60 days. The number of nodules plant-1 of chickpea at 30 DAS plants were 6.62, 6.64 and 6.78 during 2023-24, 2024-25 and pooled mean, while without rhizobium, the mean number of nodules plant-1 was recorded to be 5.21, 5.51 and 5.36. Similarly, number of nodules plant-1 at 45 DAS were enhanced by application of rhizobium. The number of nodules plant-1 were observed to be 11.98, 12.44 and 12.21 during the year 2023-24, 2024-25 and pooled mean. Without Rhizobium, number of nodules were recorded to be lower with mean values of 10.0, 10.62 and 10.35 during 2023-24, 2024-25 and pooled mean. The number of nodules plant-1 at 60DAS were also enhanced by application of rhizobium. The number of nodules were observed to be 16.85, 17.65 and 17.25 during the year 2023-24, 2024-25 and pooled mean. Without Rhizobium, number of nodules were recorded to be lower with mean values of 14.11, 15.10 and 14.60 during 2023-24, 2024-25 and pooled mean.
Interaction effect
The interaction effect of Rhizobium, Phosphorous and Zinc levels were however non-significant.










	
Table 2. Effect of Rhizobium, P and Zn levels on Number of nodules plant-1
	Treatments
	No. of nodules plant-1

	
	30 DAS
	45 DAS
	60 DAS

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	4.25
	4.35
	4.30
	9.00
	9.56
	9.28
	13.24
	13.89
	13.57

	P0 Zn2.5 R0
	4.67
	5.22
	4.94
	9.78
	10.45
	10.12
	14.00
	15.00
	14.50

	P0 Zn5 R0
	4.78
	5.33
	5.06
	9.89
	10.55
	10.22
	14.11
	15.11
	14.61

	P30 Zn0 R0
	5.44
	5.56
	5.50
	10.22
	10.56
	10.39
	14.22
	15.22
	14.72

	P30 Zn2.5 R0
	5.00
	5.34
	5.17
	10.11
	10.55
	10.33
	14.11
	15.11
	14.61

	P30 Zn5 R0
	5.56
	5.67
	5.61
	10.33
	10.89
	10.61
	14.22
	15.22
	14.72

	P60 Zn0 R0
	5.78
	6.11
	5.94
	10.44
	11.00
	10.72
	14.33
	15.44
	14.89

	P60 Zn2.5 R0
	5.67
	5.89
	5.78
	10.33
	10.89
	10.61
	14.33
	15.33
	14.83

	P60 Zn5 R0
	5.78
	6.11
	5.95
	10.55
	11.11
	10.83
	14.44
	15.56
	15.00

	P0 Zn0 R1
	5.61
	5.90
	5.75
	10.87
	10.71
	10.79
	15.11
	15.29
	15.20

	P0 Zn2.5 R1
	6.31
	6.53
	6.42
	11.86
	12.47
	12.16
	16.26
	17.48
	16.87

	P0 Zn5 R1
	6.48
	6.85
	6.66
	11.86
	12.47
	12.16
	16.38
	17.48
	16.93

	P30 Zn0 R1
	6.60
	7.05
	6.83
	11.98
	12.47
	12.22
	16.38
	17.85
	17.11

	P30 Zn2.5 R1
	6.84
	7.41
	7.13
	12.22
	12.59
	12.40
	16.98
	17.97
	17.48

	P30 Zn5 R1
	6.60
	6.88
	6.74
	11.98
	12.58
	12.28
	16.87
	17.97
	17.42

	P60 Zn0 R1
	6.97
	7.10
	7.03
	12.22
	12.60
	12.41
	16.99
	18.10
	17.54

	P60 Zn2.5 R1
	7.21
	7.68
	7.45
	12.47
	13.20
	12.83
	19.31
	18.58
	18.95

	P60 Zn5 R1
	6.97
	7.09
	7.03
	12.34
	12.84
	12.59
	17.35
	18.10
	17.72

	S.E.(m) ±
	P 0.07
Zn 0.07
Rh 0.06
	P 0.07
Zn 0.07
Rh 0.06
	P 0.07
Zn 0.07
Rh 0.06
	P 0.13
Zn 0.13
Rh 0.11
	P 0.14
Zn 0.14
Rh 0.11
	P 0.14
Zn 0.14
Rh 0.12
	P 0.16
Zn 0.20
Rh 0.16
	P 0.21
Zn 0.21
Rh 0.17
	P 0.21
Zn0.21
Rh 0.17

	CD at 5%
	P 0.21
Zn NS
Rh 0.17
	P 0.21
Zn 0.21
Rh 0.17
	P 0.21
Zn 0.21
Rh 1.17
	P 0.40
Zn NS
Rh 0.32
	P 0.42
Zn 42
Rh 0.34
	P 0.42
Zn NS
Rh 0.34
	P 0.58
Zn 0.58
Rh 0.47
	P 0.61
Zn NS
Rh 0.5
	P 0.61
Zn NS
Rh 0.49




Fig. 2. Effect of Rhizobium, P and Zn levels on Number of nodules plant-1

Dry weight of nodules (mg)
The data pertaining to Dry weight of nodules plant-1 of chickpea are portrayed in table 3 and displayed in figure 3. The mean pooled dry weight of nodules plant-1 of two years experimentation was 57.43, 99.13 and 169.76 respectively, at 30, 45, 60 days and at harvest stage of the crop. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the growth characters are described in the following columns.
Effect of phosphorus
The data presented in table 3 shows that application of phosphorus significantly influenced dry weight of nodules (mg) at 30 DAS across both years and in pooled mean data. The dry weight of nodules increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest plant height was recorded under the control (P₀) with mean values of 47.85, 49.45 and 48.65 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest dry weight of nodules was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc5, with values of 62.50, 64.60 and 63.55, respectively. The enhanced dry weight of nodules can be attributed to higher phosphorus application to the crop. The data 
application of phosphorus significantly influenced dry weight of nodules (mg) at 45 DAS across both years and in pooled mean data. The dry weight of nodules increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest dry weight of nodules was recorded under the control (P₀) with mean values of 86.20, 87.75, and 86.98 cm during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest dry weight of nodules was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5, with values of 102.5, 104.10 and 103.30 respectively. 
Similarly, the data pertaining to application of phosphorus significantly influenced dry weight of nodules (mg) at 60 DAS across both years and in pooled mean data. The dry weight of nodules (mg) increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest dry weight of nodules was recorded under the control (P₀) with mean values of 135.60, 137.70 and 136.65 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest dry weight of nodules was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5, with values of 187.15, 191 and 189.08 respectively.
Effect of Zinc
[bookmark: _Hlk211004790]The data presented in table 3 indicate that Zinc levels also had a significant influence on dry weight of nodules (mg) at 30 DAS. Incremental doses of zinc improved dry weight of nodules (mg) over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean dry weight of nodules of 47.85, 49.45 and 48.65 during 2023-24. 2024-25 and pooled mean was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ and Zn5.0 kg ha⁻¹ produced higher dry weight of nodules (mg), with the maximum plant-1 of 62.50, 64.60 and 63.55 in 2023-24, 2024-25 and pooled mean observed under the combination of Rhizobium/no Rhizobium + P60+ Zn5. The data of  Zinc levels also had a significant influence on dry weight of nodules (mg) at 45 and 60 DAS. Incremental doses of zinc had non-significant effect on plant-1 over both the years of study. Zinc application on dry weight of nodules during 2023-24, 2024-25. The lowest mean dry weight of nodules (pooled mean) of 86.20 mg, 87.75 mg, 86.98 and 135.60 mg, 137.70 mg, 136.65 was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced higher, with the maximum dry weight of nodules (mg)  of 102.50 mg, 104.10 mg, 103.30 mg and 187.15 mg, 137.70 mg, 136.65 mg in 2023-24 , 2024-25 observed under the combination of  with Rhizobium/without Rhizobium + P60+ Zn2.5.
Effect of rhizobium
The application of Rhizobium has significantly increased the dry weight of nodules (mg) plant-1 of chickpea during both the year at 30, 45, and 60 days. The dry weight of nodules of chickpea at 30 DAS plants were 60.74 mg, 62.09 mg and 61.42 mg during 2023-24, 2024-25 and pooled mean, while without rhizobium, the mean dry weight of nodules was recorded to be 52.67 mg, 54.22 mg and 53.44 mg. Similarly, plant height at 45 DAS were enhanced by application of rhizobium. The dry weight of nodules plant-1 was observed to be 104.50 mg, 106.58 mg and 105.54 mg during the year 2023-24, 2024-25 and pooled mean. Without Rhizobium, dry weight of nodules was recorded to be lower with mean values of 92 mg, 93.44 mg and 92.72 mg during 2023-24, 2024-25 and pooled mean. Dry weight of nodules (mg) at 60 DAS were also enhanced by application of rhizobium. The dry weight of nodules (mg) was observed to be 182.20 mg, 184.56 mg and 183.38 mg during the year 2023-24, 2024-25 and pooled mean. Without Rhizobium, dry weight of nodules (mg) was recorded to be lower with mean values of 154.38 mg, 157.89 mg and 156.13 mg during 2023-24, 2024-25 and pooled mean.
Interaction effect: The interaction effect of Rhizobium, Phosphorous and Zinc levels were however significant.















Table 3. Effect of Rhizobium, P and Zn levels on Dry Weight of Nodules (mg)
	Treatments
	Dry weight of nodules (mg)

	
	30 DAS
	45 DAS
	60 DAS

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	44.00
	45.00
	44.50
	80.00
	82.00
	81.00
	126.00
	128.00
	127.00

	P0 Zn2.5 R0
	47.00
	49.00
	48.00
	90.00
	92.00
	91.00
	133.00
	135.00
	134.00

	P0 Zn5 R0
	51.00
	52.00
	51.50
	94.00
	95.00
	94.50
	147.00
	149.00
	148.00

	P30 Zn0 R0
	47.00
	49.00
	48.00
	90.00
	91.00
	90.50
	132.00
	134.00
	133.00

	P30 Zn2.5 R0
	55.00
	56.00
	55.50
	94.00
	95.00
	94.50
	170.00
	172.00
	171.00

	P30 Zn5 R0
	61.00
	63.00
	62.00
	96.00
	97.00
	96.50
	178.00
	180.00
	179.00

	P60 Zn0 R0
	50.00
	51.00
	50.50
	92.00
	95.00
	93.50
	151.00
	162.00
	156.50

	P60 Zn2.5 R0
	60.00
	62.00
	61.00
	95.00
	96.00
	95.50
	177.40
	184.00
	180.70

	P60 Zn5 R0
	59.00
	61.00
	60.00
	97.00
	98.00
	97.50
	175.00
	177.00
	176.00

	P0 Zn0 R1
	51.70
	53.90
	52.80
	92.40
	93.50
	92.95
	145.20
	147.40
	146.30

	P0 Zn2.5 R1
	57.20
	58.30
	57.75
	104.50
	106.70
	105.60
	164.67
	166.10
	165.39

	P0 Zn5 R1
	61.60
	62.70
	62.15
	106.70
	108.90
	107.80
	176.00
	178.20
	177.10

	P30 Zn0 R1
	57.20
	58.30
	57.75
	101.20
	103.40
	102.30
	181.50
	187.00
	184.25

	P30 Zn2.5 R1
	60.50
	59.40
	59.95
	105.60
	108.90
	107.25
	193.60
	198.00
	195.80

	P30 Zn5 R1
	64.90
	67.10
	66.00
	108.90
	110.00
	109.45
	198.00
	200.20
	199.10

	P60 Zn0 R1
	62.70
	63.80
	63.25
	103.40
	105.60
	104.50
	1.83.70
	184.80
	184.25

	P60 Zn2.5 R1
	64.90
	67.10
	66.00
	110.00
	112.20
	111.10
	196.90
	198.00
	197.45

	P60 Zn5 R1
	66.00
	68.20
	67.10
	107.80
	110.00
	108.90
	200.20
	201.30
	200.75

	S.E.(m) ±
	P 0.62
Zn 0.62
Rh 0.51
	P 0.59
Zn 0.59
Rh 0.48
	P 0.53
Zn 0.53
Rh 0.43
	P 0.13
Zn 0.13
Rh 0.11
	P 0.14
Zn 0.14
Rh 0.11
	P 0.14
Zn 0.14
Rh 0.12
	P 0.20
Zn 0.20
Rh 0.16
	P 0.21
Zn 0.21
Rh 0.17
	P 0.21
Zn0.21
Rh 0.17

	CD at 5%
	P 1.79
Zn NS
Rh 1.46
	P 1.71
Zn 1.71
Rh 1.40
	P 1.53
Zn 1.53
Rh 1.25
	P 0.40
Zn NS
Rh 0.32
	P 0.42
Zn 0.42
Rh 0.34
	P 0.42
Zn 0.42
Rh 0.34
	P 0.58
Zn 0.58
Rh 0.47
	P 0.61
Zn NS
Rh 0.50
	P 0.61
Zn NS
Rh 0.49



Fig. 3. Effect of Rhizobium, P and Zn levels on Dry Weight of Nodules (mg)


Number of branches plant-1
The data presented to number of branches of chickpea plant-1 were depicted in table 4 and shown in figure 4. The mean pooled branches plant-1 of two years experimentation were 32.82 plant-1, 34.21 plant-1 and 33.51 plant-1, respectively, at maturity stage of the crop. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the growth characters are described in the following columns.
Effect of phosphorus
The data presented in table 4 shows that application of phosphorus significantly influenced number of branches of chickpea plant-1 across both years and in pooled mean data. The number of branches increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest branches were recorded under the control (P₀) with mean values of 30.08 plant-1, 30.75 plant-1, and 30.42 plant-1 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest branches were observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc2.5 kg ha⁻¹, with values of 34.75 plant-1, 36.60 plant-1, and 35.67, respectively. The enhanced number of branches plant-1 can be attributed to higher phosphorus application to the crop.
Effect of Zinc
The table 4 indicate that Zinc levels had a significant influence on branches of chickpea plant-1. Incremental doses of zinc improved plant population over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean branches of 30.08 plant-1, 30.75 plant-1, and 30.42 plant-1during 2023-24. 2024-25 and pooled mean was recorded with Zn0, while application of Zn2.5 kg ha⁻¹ produced higher branches, with the maximum 34.75 plant-1, 36.60 plant-1 in 2023-24, 2024-25 and pooled mean of 35.67 plant-1 observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn2.5.
Effect of rhizobium 
The application of Rhizobium significantly has increased the branches of chickpea plant-1 during both the year at the time of maturity stage. The branches of chickpea plant-1 were 35.37, 36.97 plant-1 and 36.17 plant-1 during 2023-24, 2024-25 and pooled mean, while without rhizobium, the mean plant population was recorded to be 30.27 plant-1, 31.45 plant-1 and 30.86 plant-1.
Interaction effect: The interaction effect of Rhizobium, Phosphorous and Zinc levels were however non-significant.
Plant Population (m-2)
The data pertaining to plant population (m-2) of chickpea were depicted in table 4 and shown in figure 4. The mean pooled plant population of two years experimentation were 42.82 m-2, 44.08 m-2 and 43.45 m-2, respectively, at maturity stage of the crop. The effect of application of phosphorus and zinc by fertilizers alone and rhizobium biofertilizer in combination to the soil growing chickpea on the growth characters are described in the following columns.
Effect of phosphorus
[bookmark: _Hlk210834597][bookmark: _Hlk210835735]The data presented in table 5 shows that application of phosphorus significantly influenced plant population (m-2) across both years and in pooled mean data. The plant population increased with progressive levels of phosphorus from P₀ to P₆₀. The lowest plant population was recorded under the control (P₀) with mean values of 41.07 m-2, 42.62 m-2, and 41.85 m-2 during 2023–24, 2024–25, and pooled mean, respectively. In contrast, the highest plant population was observed with 60 kg P₂O₅ ha⁻¹ (P₆₀) with Zinc5 kg ha⁻¹, with values of 43.79 m-2, 45.40 m-2, and 44.60 m-2, respectively. The enhanced plant population can be attributed to higher phosphorus application to the crop.
Effect of Zinc
[bookmark: _Hlk210857708]The table 4 indicate that Zinc levels had a non-significant influence on plant population (m-2). Incremental doses of zinc improved plant population over the zinc control (Zn₀) during both years as well as in the pooled mean. The lowest mean plant population of 41.07 m-2, 42.62 m-2and 41.85 m-2 during 2023-24. 2024-25 and pooled mean was recorded with Zn0, while application of Zn5.0 kg ha⁻¹ produced higher plant population, with the maximum plant population of 43.79 m-2 in 2023-24, 45.40 m-2 in 2024-25 and pooled mean of 44.60 m-2 observed under the combination of with Rhizobium/without Rhizobium + P60+ Zn5.
Effect of rhizobium 
The application of Rhizobium has increased significantly the plant population (m-2) of chickpea during both the year at the time of maturity stage. The plant population of chickpea were 46.10 m-2, 47.50 m-2 and 46.80 m-2 during 2023-24, 2024-25 and pooled mean, while without rhizobium, the mean plant population was recorded to be 39.55 m-2, 40.66 m-2 and 40.11 m-2.
Interaction effect: The interaction effect of Rhizobium, Phosphorous and Zinc levels were however non-significant.
	Treatments
	Plant Population (m-2)
	No. of Branches plant-1

	
	2023
	2024
	Pooled
	2023
	2024
	Pooled

	P0 Zn0 R0
	37.05
	38.14
	37.60
	28.11
	29.14
	28.63

	P0 Zn2.5 R0
	39.64
	40.32
	39.98
	29.41
	30.14
	29.78

	P0 Zn5 R0
	39.78
	40.60
	40.19
	29.67
	31.41
	30.54

	P30 Zn0 R0
	38.10
	39.22
	38.66
	29.14
	30.61
	29.88

	P30 Zn2.5 R0
	39.93
	41.04
	40.49
	30.67
	31.00
	30.83

	P30 Zn5 R0
	40.38
	41.23
	40.81
	31.14
	32.45
	31.80

	P60 Zn0 R0
	39.62
	40.83
	40.23
	30.89
	31.67
	31.28

	P60 Zn2.5 R0
	40.45
	41.79
	41.12
	31.95
	33.14
	32.55

	P60 Zn5 R0
	40.97
	42.79
	41.88
	31.41
	33.45
	32.43

	P0 Zn0 R1
	45.09
	47.10
	46.10
	32.05
	32.35
	32.20

	P0 Zn2.5 R1
	45.39
	47.10
	46.24
	33.45
	34.25
	33.85

	P0 Zn5 R1
	45.54
	47.12
	46.33
	35.02
	36.27
	35.65

	P30 Zn0 R1
	45.96
	47.28
	46.62
	34.72
	36.66
	35.69

	P30 Zn2.5 R1
	46.34
	47.68
	47.01
	35.93
	37.55
	36.74

	P30 Zn5 R1
	46.23
	47.34
	46.78
	36.09
	37.81
	36.95

	P60 Zn0 R1
	46.46
	47.76
	47.11
	36.09
	38.65
	37.37

	P60 Zn2.5 R1
	47.27
	48.08
	47.68
	37.55
	40.05
	38.80

	P60 Zn5 R1
	46.61
	48.01
	47.31
	37.40
	39.12
	38.26

	S.E.(m) ±
	P 0.50
Zn 0.50
Rh 0.41
	P 0.53
Zn 0.53
Rh 0.43
	P 0.52
Zn 0.52
Rh 0.42
	P 0.40
Zn 0.40
Rh 0.32
	P 0.41
Zn0.41
Rh 0.33
	P 0.40
Zn0.40
Rh 0.33

	CD at 5%
	P NS
Zn NS
Rh 1.19
	P NS
Zn NS
Rh 1.26
	P NS
Zn NS
Rh 1.22
	P 1.15
Zn 1.15
Rh 0.94
	P 1.19
Zn 1.19
Rh 0.97
	P 1.16
Zn 1.16
Rh 0.95


Table 4 Effect of Rhizobium, P and Zn levels on Number of Branches plant-1 and Plant Population (m-2)



Fig. 4. Effect of Rhizobium, P and Zn levels on Number of Branches plant-1 and Plant Population (m-2)
4. Conclusion
This factorial randomized block design (FRBD) experiment, which included 18 treatment combinations of three phosphorus levels (0, 30, and 60 kg P₂O₅ ha⁻¹), three zinc levels (0, 2.5, and 5 kg Zn ha⁻¹), and two Rhizobium inoculation levels (with and without), clearly illustrated the beneficial effects of integrated nutrient and biofertilizer application on the growth and productivity of chickpeas. The synergistic application of phosphorus, zinc, and Rhizobium inoculation, in conjunction with the recommended nitrogen and potassium, significantly improved essential growth parameters such as plant height, the number and dry weight of nodules, the number of branches per plant, and plant population density. These enhancements are attributed to improved nutrient availability, increased nitrogen fixation, and heightened metabolic activity, which together bolstered plant vigour and vegetative growth. Among all treatment combinations, T17 (60 kg P + 2.5 kg Zn + Rhizobium) and T18 (60 kg P + 5 kg Zn + Rhizobium) consistently exhibited the best performance, establishing them as the most effective nutrient management strategies under the specified conditions.
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Plant height (cm)

30 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	9.16	9.6	10.01	10.16	10.3	10.37	10.49	11.11	10.62	9.77	10.220000000000001	10.86	10.86	11.02	11.02	11.11	12.17	11.14	60 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	21.36	22.78	22.95	22.84	23.39	23.52	23.32	23.58	23.83	24.41	25.56	26.32	25.92	26.9	26.91	26.98	28.02	27.05	90 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	39.979999999999997	42.78	43.61	42.94	43.72	44.06	43.44	44.06	44.61	46.9	47.94	49.25	49.38	49.99	50.28	50.14	50.88	51.07	At Harvest	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	41.63	44.17	45.72	48.22	48.7	48.86	49	49.45	49.61	52.55	53.8	55.55	55.43	56.67	56.35	56.53	58.32	57.51	



Number of nodules plant-1

30 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	4.3	4.9400000000000004	5.0599999999999996	5.5	5.17	5.61	5.94	5.78	5.95	5.75	6.42	6.66	6.83	7.13	6.74	7.03	7.45	7.03	45 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	9.2799999999999994	10.119999999999999	10.220000000000001	10.39	10.33	10.61	10.72	10.61	10.83	10.79	12.16	12.16	12.22	12.4	12.28	12.41	12.83	12.59	60 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	13.57	14.5	14.61	14.72	14.61	14.72	14.89	14.83	15	15.2	16.87	16.93	17.11	17.48	17.420000000000002	17.54	18.95	17.72	



Dry weight of nodules (mg)

30 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	44.5	48	51.5	48	55.5	62	50.5	61	60	52.8	57.75	62.15	57.75	59.95	66	63.25	66	67.099999999999994	45 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	81	91	94.5	90.5	94.5	96.5	93.5	95.5	97.5	92.95	105.6	107.8	102.3	107.25	109.45	104.5	111.1	108.9	60 DAS	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	127	134	148	133	171	179	156.5	180.7	176	146.30000000000001	165.39	177.1	184.25	195.8	199.1	184.25	197.45	200.75	



Growth Parameter

Plant Population (m-2)	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	37.6	39.979999999999997	40.19	38.659999999999997	40.49	40.81	40.229999999999997	41.12	41.88	46.1	46.24	46.33	46.62	47.01	46.78	47.11	47.68	47.31	No. of Branches plant-1	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	28.63	29.78	30.54	29.88	30.83	31.8	31.28	32.549999999999997	32.43	32.200000000000003	33.85	35.65	35.69	36.74	36.950000000000003	37.369999999999997	38.799999999999997	38.26	Column1	P0 Zn0 R0	P0 Zn2.5 R0	P0 Zn5 R0	P30 Zn0 R0	P30 Zn2.5 R0	P30 Zn5 R0	P60 Zn0 R0	P60 Zn2.5 R0	P60 Zn5 R0	P0 Zn0 R1	P0 Zn2.5 R1	P0 Zn5 R1	P30 Zn0 R1	P30 Zn2.5 R1	P30 Zn5 R1	P60 Zn0 R1	P60 Zn2.5 R1	P60 Zn5 R1	



