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Abstract
Onion (Allium cepa L.) is a globally important crop valued for its culinary, nutritional, and medicinal properties. Despite India being a major producer, productivity remains suboptimal, particularly during the Rrabi season. This study evaluated the effect of integrated nutrient management (INM) involving organic manures and biofertilizers on the growth, yield, and nutrient uptake of Rabi onion over two consecutive rabi seasons (2019–2021) at Post Graduate College, Ghazipur, Uttar Pradesh. The experiment, laid out in a factorial randomized block design, assessed twelve treatment combinations of chemical fertilizers, farmyard manure (FYM), vermicompost, Azotobacter, and phosphate-solubilizing bacteria (PSB). Results revealed that treatment T8 (50% N from FYM + 50% N from fertilizers + 100% PK + Azotobacter) consistently outperformed others in terms of plant height, number of leaves, bulb size, shoot biomass, and overall yield (275.16 q/ha). INM treatments significantly improved physiological and yield parameters, with organic and microbial inputs enhancing soil fertility and nutrient efficiency. The findings highlight the agronomic and environmental benefits of integrating organic and biofertilizer-based nutrient sources for sustainable onion cultivation, particularly under semi-arid conditions.
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Introduction 
“Onion (Allium cepa L.) is a vital commercial vegetable cum condiment crop cultivated extensively across the globe, including India. It belongs to the family Alliaceae and is a bulbous biennial herb, where the edible part is a modified underground stem, commonly referred to as the bulb. Renowned for its unique flavor and pungency, primarily attributed to the volatile sulfur compound allyl propyl disulphide” [1, 2], onion plays an indispensable role in kitchens worldwide, earning it the epithet “Queen of Kitchen.” It is used year-round in various forms—as a fresh vegetable, in salads, and as a flavoring agent in soups, sauces, curries, pickles, and other culinary preparations. 
“Beyond its culinary importance, onion also holds significant medicinal value. It has traditionally been used to treat ailments such as sunstroke, high cholesterol, weakness, bronchitis, and digestive issues due to its ability to stimulate appetite and suppress gas formation” [3, 1, 4]. “The pungency is due to sulfur-bearing compounds, while the outer skin's color results from the pigment quercetin. Onion bulbs are rich in vital nutrients, including carbohydrates (11.0 g/100 g), protein (1.2 g/100 g), vitamin C (11 mg/100 g), fiber (0.6 g/100 g), and minerals such as phosphorus (50 mg/100 g), iron (0.7 mg/100 g), calcium (18 mg/100 g), and nicotinic acid (0.4 mg/100 g)” [5].
“India is the world’s second-largest producer of onions after China, contributing 22.18% of the global cultivation area and 18.78% of production” [6]. “However, productivity in India remains relatively low at 16.30 t/ha” [7, 8], “which is significantly below the global average. Major onion-producing states include Maharashtra, Karnataka, Gujarat, Bihar, Madhya Pradesh, Andhra Pradesh, Rajasthan, Haryana, Uttar Pradesh, and Tamil Nadu” [9, 10]. “Off-season or Rabi cultivation of onion is particularly challenging due to variable climatic conditions, and therefore requires varietal and agronomic standardization” [9, 10]. “An important agronomic advantage of onion is its relatively low water requirement, making it more water-efficient compared to many cereal crops”  [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. This characteristic makes onion a suitable crop for regions facing water scarcity or aiming for more sustainable irrigation practices.
“One of the major constraints in onion productivity is imbalanced and excessive use of chemical fertilizers, which leads to the deterioration of soil health, yield stagnation, and poor-quality produce” [8, 26]. “In this context, organic farming practices, particularly the use of organic manures and biofertilizers, offer an eco-friendly and sustainable alternative. Organic amendments such as farmyard manure (FYM) improve soil structure, tilth, and water retention by promoting polysaccharide production and aggregation of fine soil particles” [27]. “Vermicompost, another effective organic fertilizer, consists of nutrient-rich, peat-like material processed by earthworms, with high porosity, water-holding capacity, and aeration. It supplies readily available nutrients like nitrate, exchangeable phosphorus, potassium, calcium, and magnesium” [28].
[bookmark: _GoBack]“Poultry manure, containing approximately 1.30% nitrogen, 1.80% P₂O₅, and 0.8% K₂O, is another valuable organic input, also providing essential micronutrients” [29]. “Its application improves nutrient uptake and plant growth” [30, 31]. “Additionally, biofertilizers offer a sustainable means of nutrient supply. These inoculants contain microorganisms capable of converting unavailable nutrients into forms accessible to plants. Azospirillum, a nitrogen-fixing bacterium that colonizes the root zones of plants, can supply 10 to 40 kg N ha⁻¹, reducing the need for synthetic nitrogen fertilizers by 20–30%” [32]. “Phosphate-solubilizing bacteria (PSB) convert insoluble soil phosphorus into soluble forms, potentially increasing yields by 10–30%”  [33, 84, 85]. These bio-agents are environmentally benign and support long-term soil fertility by improving nutrient availability and promoting plant growth hormones.
Despite the known benefits, research on the integrated use of organic manures and biofertilizers in onion cultivation, particularly under Rabi conditions in Rajasthan, remains sparse. Given the nutritional, economic, and medicinal importance of onion, there is an urgent need to develop sustainable production strategies that optimize nutrient use efficiency while conserving soil and water resources. Therefore, the present investigation was undertaken to evaluate the effect of different organic manures and biofertilizers on the growth, yield, and nutrient uptake of Rabi onion. This study aims to address the critical gaps in nutrient management practices and contribute to a more sustainable and productive onion cultivation system in India.
Material and Methods 
Experimental Site 
The field experiment was conducted over two consecutive Rabi seasons, 2019–2020 and 2020–2021, at the research farm of Post Graduate College, Ghazipur, Uttar Pradesh, India (Figure 1). The site is situated in the Eastern Plain Agro-Climatic Zone of India at a geographical coordinate of 25.5610° N latitude and 83.5493° E longitude, with an elevation of 68.89 meters above mean sea level. The soil at the site belongs to the alluvial Gangetic plains and is classified as sandy loam in texture. Ghazipur falls under a humid subtropical climate zone, characterized by hot summers, cold winters, and monsoon-dominated precipitation. The annual average rainfall is approximately 1000–1100 mm, with nearly 80–90% received between July and September. The region experiences high summer temperatures reaching 44–45°C and winter temperatures that occasionally drop to 3–4°C, with prevalent foggy conditions in the early mornings of December and January. Meteorological observations recorded during the experimental years 2021 and 2022 are presented in Table 1.
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Figure 1 Location of the field experiment a) Uttar Pradesh map, b) Ghazipur district map and c) pictorial view of field experiment plot
Table 1 Meteorological observations during 2021 and 2022 of Post Graduate College, Ghazipur, Uttar Pradesh
	Months
	Rainfall (mm)
	Temperature
	Min. Relative Humidity

	
	
	Min. Temp
	Max. Temp
	

	
	2021
	2022
	2021
	2022
	2021
	2022
	2021
	2022

	Jan.
	16.5
	32.0
	6.0
	5.0
	22.8
	23.3
	39.0
	41.0

	Feb.
	1.5
	6.0
	7.8
	7.3
	31.2
	30.5
	34.0
	26.0

	March
	0.0
	0.0
	12.2
	12.2
	38.4
	39.2
	16.0
	13.0

	April
	0.0
	0.0
	21.8
	19.0
	41.4
	43.8
	11.0
	8.0

	May
	41.0
	15.0
	25.2
	22.1
	42.8
	44.5
	23.0
	17.0

	June
	67.5
	139.0
	2.2
	24.8
	43.4
	44.8
	39.0
	13.0

	July
	145.0
	108.0
	26.8
	26.3
	40.2
	40.5
	45.0
	42.0

	Aug.
	192.0
	93.0
	24.8
	25.3
	39.2
	37.8
	58.0
	55.0

	Sept.
	137.0
	207.5
	23.7
	24.7
	38.2
	36.9
	51.0
	53.0

	Oct.
	305.5
	23.5
	15.9
	16.7
	36.7
	36.4
	30.0
	27.0

	Nov.
	0.0
	0.0
	11.2
	10.5
	31.7
	32.8
	20.0
	26.0

	Dec.
	11.5
	0.0
	7.0
	6.7
	30.4
	28.3
	30.0
	23.0


Source: Meteorology Section Krishi Vigyan Kendra, P.G. College, Ghazipur, U.P.-233001
Experimental Design and Treatments
The experiment followed a Factorial Randomized Block Design (FRBD) with twelve treatment combinations and three replications (Table 2). Each treatment plot measured 3.6 m × 2.25 m, with a total of 36 plots. Onion (Allium cepa L.) cultivar ‘Kalyanpur Red Round’ was used for the study. Prior to the onset of the field experiment, composite soil samples were collected from a 0–22.5 cm depth to analyze the physical, chemical, and hydrological properties by suing the standard laboratory protocols (Table 3). The treatments comprised various combinations of recommended dose of fertilizers (RDF), farmyard manure (FYM), vermicompost, and biofertilizers such as Azotobacter and phosphate-solubilizing bacteria (PSB). Seed sowing was conducted on 10th December 2020 and 12th December 2021, while transplanting was carried out on 15th January 2021 and 18th January 2022, respectively.
The experimental field was prepared by primary tillage using a disc harrow, followed by two ploughings with a cultivator and final leveling with planking. Well-decomposed organic manure was incorporated into the soil one month before sowing. Seedlings were raised on raised beds (3 m × 1 m × 0.15 m) and protected against seed-borne diseases such as damping-off using Bavistin or Thiram @ 2.5 g/kg of seed. However, at the time of transplanting, one-third of the nitrogen (N) and the full recommended doses of phosphorus (P₂O₅) and potassium (K₂O) were applied as a basal dose. The remaining nitrogen was split into two equal doses and applied at 30 and 60 days after transplanting (DAT). Irrigation scheduling was need-based, with the first irrigation given three days after transplanting. Cultural operations like hoeing, gap filling, and weed management were performed regularly. Chemical weeding using Cypermethrin was preferred to control weed growth.
Table 2 Onion crop management detail of the field experiments  
	Parameter 
	Detail 

	Crop and Cultivars	
	Onion (Alium  cepa L.) and Kalyanpur Red Round

	Design and spacing	
	Randomized Block Design and 15 cm × 15cm

	Plot size and number of plots
	3.6 m × 2.25 m and 36

	Number of Treatments and replications
	12 and 3    

	Sources of nutrition
	Chemical Fertilizers, Farm Yard Manure, Vermicompost, Biofertilizers (Azotobacter and PSB)

	Treatment combination
	T1: RDF NPK (150 +80+100 kg}
T2: Farm Yard Manure (@ 40 tones / ha)
T3:  Vermicompost (@ 10 tones / ha)
T4:  NPK (75+ 80 + 100 kg/ha) + FYM @20 t/ha
T5:   NPK (75+ 80 + 100 kg/ha) + Vermicompost @ 5 t/ha
T6:   FYM @20 t/ha + Vermicompost @ 5 t/ha
T7:   NPK (75+ 80 + 100 kg/ha) + FYM @20 t/ha + Azotobacter
T8: NPK (75+ 80 + 100 kg/ha) + Vermicompost 
@ 5 t/ha + Azotobacter
T9: FYM @ 20 t/ha + Vermicompost @ 5 t/ha +Azotobacter
T10:   NPK (75+ 80 + 100 kg/ha) + FYM @ 20 t/ha + PSB
T11: NPK (75+ 80 + 100 kg/ha) + Vermicompost @ 5 t/ha + PSB
T12: FYM @ 20 t/ha + Vermicompost @ 5 t/ha +PSB

	Seed sowing dates 
	10th December 2020 and 12th December 2021 

	Transplanting dates
	15th January 2021 and 18th January 2022



Table 3 Physical and Chemical properties of experimental Soil
	[bookmark: _Hlk131339174]Specification
	Test Value
	Method of Analysis

	
	2020-2021
	2021-2022
	

	Field Capacity (%)
	19.51
	19.25
	Field Method

	Wilting Point (%)
	5.82
	5.72
	On 15 atm. Tns. value

	Bulk Density (%)
	1.48
	1.45
	Core sample method

	Coarse Sand (%)
	1.36
	1.32
	Hydrometer method

	Fine Sand (%)
	59.20
	58.20
	

	Silt (%)
	27.4
	28.60
	

	Clay (%)
	11.64
	11.40
	

	Coarse Sand (%)
	Sandy Loam
	Sandy Loam
	

	pH
	7.6
	7.6
	Glass electrode method

	EC (mS/cm)
	0.32
	0.34
	Salubridge method

	Organic Carbon (%)
	0.210
	0.26
	Walkel & Black Modified method

	Available N (kg ha-1)
	130.56
	134.6
	Alkaline permagnate method

	Available P2O5 (kg ha-1)
	19.2
	25.5
	Sodium-Bicarbonate Extracting method

	Available K2O (kg ha-1)
	135.2
	235.8
	Neutral Ammonium Acetate method


EC is the electrical conductivity; N is the nitrogen; P2O5 is the phosphorus pentoxide and K2O is the potassium oxide. 
Data Collection and Analysis 
To evaluate the treatment effects, data on vegetative, yield, quality, and economic parameters were recorded as per standard agronomic protocols.
Vegetative Parameters
Vegetative observations included plant height, number of leaves per plant, maximum leaf length, diameter of shoot, diameter of neck, fresh and dry weight of shoot, dry matter content of shoot, vertical and horizontal diameter of bulb. These parameters were recorded at 30-day intervals (30, 60, 90, and 120 DAT). Plant height and number of leaves were measured on five randomly selected tagged plants in each plot. Leaf length and neck diameter were measured at 120 DAT using a meter scale and screw gauge, respectively. Shoot diameter was measured using a Vernier caliper 10 cm above the ground. Shoot biomass was assessed by recording fresh weight immediately after harvest and dry weight after drying the shoot samples at 110°C for 24 hours and calculated accordingly. 
Yield Attributes
After digging of whole bulb of a sub plot and removal of dry shoot the lot was weighed by balance and reading was recorded as yield per bed in kg. To find the observations regarding to the yield per ha, the previous recorded yield per bed of every treatment was converted and subjected to statistical analysis for expression of experimental result.
Statistical Analysis
The experimental data were subjected to analysis of variance (ANOVA) following the Factorial Randomized Block Design (FRBD) as described. Treatment means were compared using the Least Significant Difference (LSD) test at 5% level of significance to determine the statistical difference between treatments.
Result and Discussions 
Effect of Integrated Nutrient Management on Plant Height, no. of leaves and no. of maximum leaf length
Figure 2a shows the variation of plant height of onion crop under different integrated nutrient management (INM) during the year of 2019-2020 and 2020-2021. Table 4 shows the application of INM treatments significantly influenced plant height across both experimental years. The highest plants were observed under treatment T8 (74.383 cm in 2019–20 and 75.383 cm in 2020–21; pooled mean: 74.883 cm), which combined 50% nitrogen through FYM, 50% through chemical fertilizers, 100% recommended dose of PK, and Azotobacter. In contrast, the shortest plants were recorded in T12 (pooled mean: 59.243 cm), which used 50% nitrogen through vermicompost, 50% through fertilizers, and PSB. The superior plant height in T8 can be attributed to the enhanced nitrogen availability and microbial stimulation by Azotobacter, which is known to fix atmospheric nitrogen and promote root development. These findings are consistent with those of [34], who reported increased onion plant height with FYM and biofertilizer integration under INM. Similarly, [35] found that partial substitution of nitrogen with organic manures and inoculation with Azotobacter significantly improved vegetative growth in onions under similar agro-climatic conditions. The relatively poor performance of PSB-based treatments (T11 and T12) may reflect limited phosphorus solubilization or slower nutrient mineralization under the prevailing soil conditions, which are moderately alkaline and may suppress PSB activity, as suggested by [36]. Furthermore, the significant differences in plant height (CD: 0.339 cm at 5% in pooled data) confirm that nutrient source and form play a critical role in modulating early-stage onion growth. These results reinforce the concept that integrating organic and biological sources with chemical fertilizers can improve nutrient uptake efficiency, promote vegetative development, and ultimately enhance onion productivity, particularly in the semi-arid regions of Eastern Uttar Pradesh.
Figure 2b illustrates the variation in the number of onion leaves under different nutrient sources, including organic manures and biofertilizers, during the 2019–2020 and 2020–2021 growing seasons. The number of leaves in onion plants, a key indicator of vegetative growth and overall crop vigor, was significantly influenced by the application of various nutrient management treatments over the 2019–2020 and 2020–2021 seasons, as presented in Table 4.. The data clearly indicate that integrated nutrient management, combining organic manures, chemical fertilizers, and biofertilizers, led to a notable improvement in leaf production. The highest number of leaves was recorded under treatment T8 (11.487 in 2019–2020 and 11.667 in 2020–2021; pooled mean: 11.687), which included 50% nitrogen from FYM, 50% from chemical fertilizers, 100% of the recommended dose of phosphorus and potassium, and Azotobacter. This enhanced performance is attributed to the synergistic effects of improved nitrogen availability and microbial activity, especially nitrogen fixation and root stimulation by Azotobacter [37, 38, 35]. On the other hand, the lowest leaf count was consistently observed under treatment T12 (pooled mean: 9.660), which incorporated 50% nitrogen from vermicompost and 50% from chemical fertilizers along with PSB, possibly due to reduced phosphorus availability under alkaline soil conditions that hinder PSB efficiency [36, 39, 40]. The statistical analysis confirmed highly significant differences among treatments (CD: 0.028 at 5% level; SE ±0.003), reinforcing the crucial role of balanced nutrient management in enhancing onion growth. These findings are consistent with earlier reports by [34, 41], which emphasized that the integration of organic and biofertilizer sources with chemical fertilizers optimizes nutrient uptake, boosts photosynthetic efficiency, and improves overall onion productivity under varying agro-climatic conditions.
The maximum leaf length of onion, an important physiological trait linked to photosynthetic capacity and vegetative vigor, was significantly influenced by various INM treatments across the 2019–2020 and 2020–2021 growing seasons (Figure 2c & Table 4). In both years, treatment T12 (50% N through vermicompost + 50% N through chemical fertilizer + 100% PK + PSB) produced the longest leaves (59.447 cm in 2019–2020 and 60.947 cm in 2020–2021), with a pooled mean of 60.197 cm. Conversely, the shortest leaves were observed under T1 (recommended dose of NPK through chemical fertilizers), with a pooled mean of 49.900 cm. Statistical analysis confirmed significant differences in leaf length across treatments in both years (CD: 4.093 and 4.047 at 5% in Year I and II, respectively), though pooled data analysis showed no significant differences at the 5% or 1% level (SE: ±5.256), suggesting year-to-year variability may influence treatment performance. The superior leaf elongation under T12 and other organic-integrated treatments (T3, T6, T11) may be attributed to improved soil structure, enhanced microbial activity, and better nutrient synchronization provided by vermicompost and PSB, as reported by [39,36, 41]. PSB enhances phosphorus availability, which is crucial for cell elongation and division, contributing to leaf growth [40]. These findings align with earlier studies by [34], which highlighted the role of INM in promoting vegetative traits such as leaf length and plant height. Thus, integrating organic and biofertilizer sources with chemical inputs can effectively enhance onion growth metrics, particularly under semi-arid, nutrient-responsive conditions.






      




Figure 2 Variation of (a) plant height, (b) number of leaves and (c) maximum length of leaves of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.



Table 4 Variation of average plant agronomical parameters crop under different sources of nutrients, organic manures, and biofertilizers 
	Treatments
	Plant Height (cm)
	Number of leaves
	Maximum length of leaves (cm.)
	Diameter of shoot (cm.)
	Diameter of neck (cm.)
	Fresh weight of shoot (g.)
	Dry weight of shoot (g.)
	Dry matter content of shoot (g.)
	Vertical diameter of bulb (cm.)
	Horizontal diameter of bulb (cm.)
	Yield per bed (q.)
	Yield per hectare (q.)

	T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12
	72.723
62.827
62.263
61.540
67.153
65.863
69.000
74.883
70.960
60.373
59.953
59.243
	11.467
10.14
10.083
10.007
10.373
10.283
10.586
11.687
11.153
9.990
9.893
9.660
	49.900
52.233
58.233
51.333
53.262
56.067
53.884
51.890
53.600
52.010
53.700
60.197
	1.477
1.573
1.667
1.720
1.743
1.770
1.817
1.853
 1.900
 1.950
1.923
1.913 
	1.235
1.412
1.448
1.552
1.565
1.588
1.615
1.628
 1.755
 1.618
1.768
1.758 
	65.683
68.750
69.650
67.050
66.917
70.650
67.583
68.950
69.883
67.950
67.483
71.083
	7.057
9.027
9.287
7.877
8.393
9.210
7.447
9.060
9.317
 8.187
8.600
9.340 
	10.682
13.072
13.277
11.683
12.485
13.113
10.965
13.078
13.275
11.990
12.685
13.085 
	45.050
44.617
40.667
38.917
42.017
40.917
41.217
51.083
43.550
39.583
38.617
37.717 
	53.850
42.250
44.117
42.950
46.850
46.717
48.283
54.917
53.117
41.117
39.233
39.717
	21.540
18.000
17.600
17.057
19.377
18.600
19.850
22.280
21.527
16.917
16.767
16.433 
	266.017
222.298
217.360
210.653
239.302
229.702
245.148
275.162
253.092
208.920
 07.067
202.953 

	Significance
CD  @ 5%
SE (±)
	***
0.399
0.108
	**
0.028
0.003
	NS
NA
5.256
	***
0.004
0.010
	NS
NA
0.027
	NS
NA
0.391
	***
0.048
0.016
	*
0.07
0.017
	*
1.132
0.266
	NS
NA
0.663
	**
0.157
0.005
	*
2.008
0.836


T1 is the REC NPK, 150: 80: 100 kg/ha, T2 is the FYM @ 20 tones / ha, T3 is the Vermicompost @ 5 tones / ha, T4 is the FYM @ 10 tones / ha + Vermicompost @ 2.5 t/ha, T5 is the 50% N through FYM + 50% N through Fertilizer and 100% PK, T6 is the 50% N through Vermicompost + 50% N through Fertilizer and 100% PK, T7 is the FYM @ 10 tones / ha + Vermicompost @ 2.5 t/ha + Azotobactor, T8 is the 50% N through FYM + 50% N through Fertilizer and 100% PK + Azotobactor, T9 is the 50% N through Vermicompost + 50% N through Fertilizer and 100% PK + Azotobactor, T10 is the FYM @ 10 tones / ha + Vermicompost @ 2.5 t/ha + PSB, T11 is the 50% N through FYM + 50% N through Fertilizer and 100% PK + PSB, T12 is the 50% N through Vermicompost + 50% N through Fertilizer and 100% PK + PSB., ** is the Significant at 5% & 1%, * is the Significant at 5%,NS is the Non-Significant. 
Effect of Integrated Nutrient Management diameter of shoot and neck
The diameter of shoot and neck are critical physiological indicators that influence onion plant robustness, nutrient translocation, and ultimately bulb development and shelf life. Data recorded during 2019–2020 and 2020–2021 (Figure 3 & Table 4) show that INM significantly affected both parameters across treatments and years. The pooled analysis revealed that the maximum shoot diameter (1.950 cm) was observed under treatment T10, which combined FYM (10 t/ha), vermicompost (2.5 t/ha), and PSB. Similarly, the highest neck diameter (1.768 cm) was recorded under treatment T11, involving 50% nitrogen through FYM, 50% through chemical fertilizer, 100% PK, and PSB. In contrast, the lowest shoot (1.477 cm) and neck (1.235 cm) diameters were both recorded under T1, which used only the recommended dose of NPK via chemical fertilizers. These trends were consistent across both years, with significant differences confirmed by statistical analysis (shoot diameter CD: 0.004 cm; neck diameter CD: 0.030 cm in 2019–20 and 0.283 cm in 2020–21). The enhanced shoot and neck diameters in PSB and Azotobacter-based treatments can be attributed to improved microbial activity, phosphorus solubilization, and nitrogen fixation, leading to better cellular expansion and structural development of the plant [34, 41, 36]. The results affirm the effectiveness of integrated nutrient strategies combining organic manures and microbial inoculants with chemical inputs in optimizing vegetative growth and enhancing the physiological health of onion plants under semi-arid agro-climatic conditions.

Figure 3 Variation of (a) diameter of shoot and (b) diameter of neck of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.
Effect of Integrated Nutrient Management on fresh, dry and dry matter content of shoot
The fresh weight of the shoot serves as a direct measure of vegetative growth and overall plant vigor, influenced heavily by nutrient availability and water status. The data recorded during 2019–20 and 2020–21 (Figure 4a & Tables 4) showed significant improvement in shoot fresh weight under INM treatments compared to sole chemical fertilizer use. The maximum fresh weight was consistently recorded in treatment T12 (50% nitrogen through vermicompost + 50% through chemical fertilizer + 100% PK + PSB), indicating the synergistic effect of combining organic and microbial inputs with inorganic fertilizers. This increase aligns with finding by [42], who demonstrated that organic manures improve soil moisture retention and nutrient availability, resulting in enhanced fresh biomass. Moreover, studies by [43, 44, 45], emphasize that biofertilizers such as PSB and Azotobacter facilitate nutrient solubilization and nitrogen fixation, which promotes better cell turgor and expansion, increasing fresh weight. The improved shoot fresh weight is further supported by [46] and [47], who linked organic amendments to enhanced microbial activity and hormonal regulation, driving robust vegetative growth in onion and other vegetable crops.
The dry weight of the shoot, indicative of the total accumulated biomass excluding water, is a critical parameter reflecting the efficiency of nutrient assimilation and photosynthetic capacity. The pooled analysis from both years (Figure 4b & Tables 4) highlighted those treatments combining organic manures, biofertilizers, and chemical fertilizers significantly increased shoot dry weight over the control (chemical fertilizer only). Treatment T12 again outperformed others, demonstrating superior biomass accumulation. These results corroborate earlier reports by [48] and [49], who found that vermicompost and farmyard manure improve soil structure and nutrient availability, enhancing dry matter synthesis. Biofertilizers' role in phosphorus solubilization and nitrogen fixation, as noted by [50] and [51], further supports increased nutrient uptake and biomass build-up. Additionally, research by [52] and [53] emphasized that the enhanced microbial activity from organic inputs stimulates enzymatic and physiological processes that facilitate carbohydrate accumulation, thus increasing shoot dry weight.
Dry matter content of the shoot, which expresses the proportion of solid biomass relative to fresh weight, is a crucial indicator of physiological maturity, stress tolerance, and overall plant health. Results (Figure 4c & Tables 4) revealed significantly higher dry matter percentages in INM treatments, particularly in T12, compared to the chemical fertilizer control. These findings resonate with the work of [54], [55] and [56], who reported that balanced nutrient management enhances photosynthetic efficiency and carbohydrate translocation, leading to improved dry matter accumulation. Studies by [57] and [58] also highlight that biofertilizer inoculation mitigates abiotic stresses and promotes enzymatic activity, which increases dry matter content. Furthermore, research by [59] and [60] demonstrated that organic manures improve soil microbial diversity and nutrient cycling, indirectly fostering better dry matter partitioning in shoots. Collectively, these studies confirm that integrating organic, microbial, and inorganic nutrient sources optimizes physiological processes and biomass quality in onion plants grown under semi-arid conditions.



Figure 4 Variation of a) fresh weight, b) dry weight and c) dry matter content of shoot of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.
Effect of Integrated Nutrient Management on fresh weight, dry weight and dry matter content of bulb
Integrated Nutrient Management significantly influenced the fresh weight of onion bulbs across both cropping seasons, as depicted in Table 4 and Figure 5a. In the first year (2019–2020), treatment T8, which integrated 50% nitrogen through FYM and 50% through chemical fertilizers with 100% PK and Azotobacter, recorded the highest fresh bulb weight of 127.550 g, outperforming all other treatments. The lowest bulb weight of 93.167 g was observed under treatment T12, which included vermicompost and PSB. In the subsequent season (2020–2021), the maximum fresh bulb weight (142.050 g) was noted under T7 (FYM + Vermicompost + Azotobacter), again showing the beneficial effect of biofertilizer inclusion. However, pooled data revealed T8 as the most consistent performer with the highest average fresh weight (130.050 g), while T12 consistently had the lowest value (95.667 g). These results suggest that integrating organic manures with microbial inoculants enhances nutrient uptake and water retention, leading to better bulb formation. Similar conclusions were drawn by [61] and [62], who reported increased bulb biomass in onion under combined applications of organic and inorganic nutrients.
In terms of dry weight of bulb, the treatments again showed substantial variation across the years. During the first year, T5 (FYM + chemical fertilizers without biofertilizers) showed the highest dry weight of 23.657 g, closely followed by T3, T10, and T7, reflecting the positive role of organic manures. In contrast, in the second year, T8 exhibited the maximum dry weight (18.433 g), indicating the consistent advantage of combining FYM and Azotobacter. The pooled data demonstrated that T8 sustained the highest dry bulb weight (18.017 g), whereas T4, a combined application of FYM and Vermicompost without biofertilizers, recorded the lowest (13.997 g). The effectiveness of biofertilizers in enhancing root proliferation and nutrient assimilation likely explains this difference. These outcomes corroborate the findings of [63], who emphasized that the synergy between organic amendments and microbial consortia plays a pivotal role in improving physiological efficiency and biomass partitioning in onion crops.
The dry matter content of bulbs, which directly correlates with bulb storability and processing quality, was also markedly influenced by nutrient management practices. In both years, T12, which incorporated vermicompost and PSB, resulted in the highest dry matter percentages, recording 24.720% in 2019–2020 and 15.130% in 2020–2021, while T1 (control) had the lowest values in both years. Though the second year showed a slight decline in overall dry matter content, the trend of higher accumulation in organically amended plots remained evident. Pooled data further confirmed T12’s superiority (14.863%), suggesting that phosphorus solubilization and improved microbial activity contributed to greater biomass concentration in bulbs. These findings align with earlier research by [64] and [64], who reported that INM practices not only improve nutrient use efficiency but also enhance quality traits such as dry matter and bulb firmness in onion.
    

Figure 5 Variation of a) fresh weight b) dry weight and c) dry matter content of bulb of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.

Effect of Integrated Nutrient Management on vertical and horizontal diameter of bulb
Figure 6 and Table 4 shows the variation of vertical and horizontal diameter of bulb under different INM. In the 2019–2020 growing season, treatment T8, which combined 50% nitrogen from farmyard manure (FYM) with chemical fertilizers and 100% phosphorus and potassium (PK), along with Azotobacter inoculation, resulted in the largest vertical bulb diameter of 50.83 cm. This was significantly higher than the control treatment (T1), which utilized only the recommended dose of NPK fertilizers, yielding a diameter of 44.80 cm. The statistical analysis confirmed these differences, with a critical difference of 0.256 at the 5% significance level and a standard error of ±0.087. In the subsequent 2020–2021 season, T8 again produced the maximum vertical bulb diameter of 51.33 cm, while T12, which combined 50% nitrogen from vermicompost with chemical fertilizers and 100% PK, along with phosphate-solubilizing bacteria, recorded the smallest diameter at 37.97 cm. The pooled data from both years indicated that T8 consistently outperformed other treatments, with a pooled diameter of 51.08 cm, highlighting the effectiveness of integrated nutrient management strategies in enhancing bulb size. These findings align with previous studies that have reported significant increases in bulb diameter with the application of organic manures and biofertilizers in conjunction with chemical fertilizers. For instance, [65] observed similar improvements in bulb size and yield attributes under INM practices in rabi onion cultivation. Similarly, [66] reported enhanced bulb yield and profitability with the application of FYM and biofertilizers in onion cultivation in western Uttar Pradesh. These studies underscore the importance of adopting INM practices to optimize onion bulb development and yield.
The horizontal diameter of onion bulbs is another vital parameter influencing marketability and storage potential. In the 2019–2020 season, treatment T8 achieved the highest horizontal bulb diameter of 54.68 cm, significantly surpassing the control treatment (T1), which recorded 53.70 cm. The statistical analysis confirmed these differences, with a CD of 0.165 at the 5% significance level and a SE of ±0.056. In the 2020–2021 season, T8 again led with a horizontal bulb diameter of 55.07 cm, while T11, which combined 50% nitrogen from FYM with chemical fertilizers and 100% PK, along with PSB, recorded the smallest diameter at 39.33 cm. The pooled data from both years showed that T8 consistently produced the largest horizontal bulb diameter of 54.92 cm, emphasizing the role of INM in enhancing bulb size. These results are consistent with findings by [65], who reported significant increases in bulb diameter with the application of organic manures and biofertilizers in onion cultivation. Additionally, [66] observed similar improvements in bulb size and yield attributes under INM practices in onion cultivation in western Uttar Pradesh. These studies highlight the effectiveness of INM in improving horizontal bulb diameter and overall bulb quality.

    
Figure 6 Variation of a) vertical and b) horizontal diameter of bulb of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.
Effect of Integrated Nutrient Management on yield
The present investigation into the yield per bed of onion (Allium cepa L.) under different nutrient management practices over two consecutive years (2019–2021) demonstrated a significant influence of integrated nutrient sources, including organic manures, biofertilizers, and chemical fertilizers (Table 4 & Figure 7). In the first year, yield per bed ranged from 15.933 to 21.780 quintals, with treatment T8—comprising 50% nitrogen from farmyard manure (FYM), 50% nitrogen from fertilizer, 100% phosphorus and potassium (PK), and Azotobacter inoculation producing the highest yield (23.657 q). This was followed by treatments combining similar integrated nutrient approaches, underscoring the benefits of biofertilizer and organic amendment synergy (Table 4.). Statistical analysis confirmed these differences were significant at the 5% and 1% levels (CD=0.121, SE=±0.041). The subsequent year reflected a consistent trend, with yield per bed increasing slightly across treatments, ranging from 16.933 to 22.780 quintals, and again peaking under T8 (22.780 q), with no significant differences observed among treatments at 5% and 1% levels (Table 4.). Pooled analysis further corroborated the superiority of integrated nutrient management, revealing a significant increase in yield (16.433 to 22.280 q), with treatment T8 maintaining the highest yield (22.280 q), and T12, relying on vermicompost, fertilizer, and phosphate solubilizing bacteria (PSB), producing the lowest yields (Table 4). These findings align with previous studies that emphasize the importance of combined organic and biofertilizer use in enhancing onion productivity. For example, [67] demonstrated that FYM combined with Azotobacter significantly improves bulb yield and nutrient uptake in onions, while [68] showed that integrated nutrient management with organic manures and PK fertilizer improves yield and quality parameters in onion cultivation. Moreover, [69] reported that organic manure application enhances soil microbial activity, which in turn increases nutrient availability and crop yield, a mechanism supported by [70] in their work on the positive effects of vermicompost and biofertilizers in vegetable crops. The marginal increase in yield during the second year suggests cumulative benefits from sustained nutrient application. The study further highlights that sole reliance on vermicompost with PSB (T12) may not be as effective as integrated treatments, likely due to lower nutrient release rates or microbial efficiency. Overall, these results confirm that balanced application of FYM, chemical fertilizers, and biofertilizers such as Azotobacter and PSB is critical for maximizing onion yield per bed, reinforcing the findings from global research advocating for integrated nutrient management to promote sustainable and profitable onion cultivation.
The yield per hectare of onion crops was significantly influenced by different sources of nutrients, organic manures, and biofertilizers, as shown in Tables 4 and figure 7. In the first year (2019–2020), yields varied markedly from 196.783 to 268.993 quintals per hectare across treatments, with treatment T8 (50% N through FYM + 50% N through fertilizer + 100% PK + Azotobacter) achieving the highest yield (268.993 q/ha), followed by T1 (recommended NPK dose) at 259.847 q/ha. This significant difference (CD = 1.622, SE ± 0.550) highlights the efficacy of integrated nutrient management combining organic and inorganic sources with biofertilizers. The second-year data (2020–2021) echoed these results, showing an increase in overall yields ranging from 209.123 to 281.330 q/ha, again with T8 outperforming other treatments (281.330 q/ha), confirming the consistency of the positive effects of this nutrient strategy (CD = 1.491, SE ± 0.505). Pooled analysis of both years further substantiated these findings, demonstrating a yield range of 202.953 to 275.162 q/ha with statistically significant differences (CD = 2.008, SE ± 0.836), emphasizing the superiority of T8 treatment. These findings align with previous studies that demonstrated the benefits of combining FYM, chemical fertilizers, and biofertilizers to improve soil health, nutrient availability, and crop yields [67, 68, 69, 70, 71]. For example, Azotobacter inoculation has been shown to enhance nitrogen fixation and promote plant growth in onion [72, 73]. The positive effect of FYM and vermicompost in improving soil organic carbon and nutrient retention is well documented by [74]. Studies by [75] and [76] reported similar yield improvements with integrated nutrient management in onion crops. The use of phosphate solubilizing bacteria (PSB) also improves phosphorus uptake and yield [77, 78]. Moreover, research by [79] support the synergistic effects of organic manures and biofertilizers on enhancing onion productivity. Contrarily, treatments relying solely on vermicompost with PSB without balanced nutrient supply often resulted in lower yields due to slower nutrient release rates [72, 80]. The enhancement in yield could also be linked to improved soil microbial biomass and enzymatic activity as reported by [81] and [38]. The positive effects on yield and soil health through such integrated nutrient approaches have been corroborated by multiple studies across diverse agro-climatic zones [82, 83]. Thus, the data presented here reinforce the importance of integrated nutrient management involving FYM, inorganic fertilizers, and biofertilizers to achieve sustainable and high yields in onion cultivation.
    
Figure 7 Variation of a) yield per bed and b) yield per hectare of onion under integrated nutrient management during the 2019–2020 and 2020–2021 growing seasons.
Conclusion
The present investigation clearly demonstrates that integrated nutrient management practices significantly enhance the growth, yield, and physiological parameters of onion, particularly under semi-arid conditions of Eastern Uttar Pradesh. Among all treatments, T8—comprising 50% nitrogen through FYM, 50% through chemical fertilizers, full PK doses, and Azotobacter inoculation—consistently produced the highest yield and superior growth traits. This synergy between organic manures, chemical fertilizers, and biofertilizers not only improved bulb size, shoot biomass, and dry matter content but also enhanced nutrient uptake and soil health. Conversely, treatments relying solely on vermicompost and PSB (e.g., T12) showed comparatively lower performance, indicating the necessity of a balanced nutrient approach. The study underscores that adopting INM strategies offers a sustainable, eco-friendly, and economically viable pathway to improving onion productivity in resource-limited and water-scarce regions. Future research should further explore the long-term soil health benefits and scalability of these INM practices across different agro-climatic zones.
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b

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	26.8	27.332999999999998	27.832999999999998	27.667000000000002	22.367000000000001	21.533000000000001	23.5	28.332999999999998	25.367000000000001	29.466999999999999	28.332999999999998	28.167000000000002	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	7.0570000000000004	9.0269999999999992	9.2870000000000008	7.8769999999999998	8.3930000000000007	9.2100000000000009	7.4470000000000001	9.06	9.3170000000000002	8.1869999999999994	8.6	9.34	Treatment 


Dry weight of shoot (g)




c

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	10.766999999999999	13.186999999999999	13.393000000000001	11.782999999999999	12.593	13.356999999999999	11.186999999999999	13.186999999999999	13.39	12.09	12.797000000000001	13.196999999999999	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	10.597	12.957000000000001	13.16	11.583	12.377000000000001	12.87	10.743	12.97	13.16	11.89	12.573	12.973000000000001	Treatment 


Dry matter content of shoot (g)




a

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	123.217	106.783	103.117	100.617	113.107	108.94	117.05	127.55	119.283	98.882999999999996	95.582999999999998	93.167000000000002	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	128.21700000000001	111.783	108.117	105.617	118.14	113.94	142.05000000000001	132.55000000000001	124.283	103.883	100.583	98.167000000000002	Treatment 


Fresh weight of bulb (g)




b

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	0	21.312999999999999	23.623000000000001	23.43	23.657	21.913	23.533000000000001	22.722999999999999	22.75	23.613	22.882999999999999	23.027000000000001	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	17.093	15.353	14.957000000000001	14.413	16.443000000000001	16.3	16.632999999999999	18.433	17.652999999999999	14.872999999999999	14.643000000000001	14.51	Treatment 


Dry weight of bulb (g)




c

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	16.937000000000001	21.837	22.913	23.292999999999999	20.873000000000001	20.123000000000001	20.11	17.812999999999999	19.073	23.896999999999998	23.946999999999999	24.72	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	13.66	14.113	14.16	13.962999999999999	14.263	14.727	13.962999999999999	14.263	14.563000000000001	14.663	14.913	15.13	Treatment 


Dry matter content of bulb (g)




a

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	44.8	44.366999999999997	39.75	38.667000000000002	41.767000000000003	40.667000000000002	40.966999999999999	50.832999999999998	43.3	39.332999999999998	38.366999999999997	37.466999999999999	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	45.3	44.667000000000002	41.582999999999998	39.167000000000002	42.267000000000003	41.167000000000002	41.466999999999999	51.332999999999998	43.8	39.832999999999998	38.866999999999997	37.966999999999999	Treatment 


Vertical diameter of bulb(cm)




b

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	53.7	45.933	43.966999999999999	42.8	46.7	46.567	48.133000000000003	54.676000000000002	52.966999999999999	40.966999999999999	39.133000000000003	39.567	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	54	44.567	44.267000000000003	43.1	47	46.866999999999997	48.433	55.067	53.267000000000003	41.267000000000003	39.332999999999998	39.866999999999997	Treatment 


Horizontal diameter of bulb (cm)




2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	0	17.5	17.100000000000001	16.556999999999999	18.876999999999999	18.100000000000001	19.350000000000001	21.78	20.027000000000001	16.417000000000002	16.266999999999999	15.933	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	22.04	18.5	18.100000000000001	17.556999999999999	19.876999999999999	19.100000000000001	19.899999999999999	22.78	21.027000000000001	17.417000000000002	17.266999999999999	16.933	Treatment 


Yield per bed (q)




2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	0	216.12700000000001	211.19	204.483	233.13	223.523	238.977	268.99299999999999	246.51	202.75	200.89699999999999	196.78299999999999	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	272.18700000000001	228.47	223.53	216.82300000000001	245.47300000000001	235.88	251.32	281.33	259.673	215.09	213.23699999999999	209.12299999999999	Treatment 


Yield per hectare (q)




a

2020-2021	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	72.222999999999999	61.987000000000002	61.762999999999998	61.04	66.753	65.363	68.5	74.382999999999996	70.36	59.872999999999998	59.453000000000003	58.743000000000002	2021-2022	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	72.222999999999999	63.667000000000002	62.762999999999998	62.04	67.552999999999997	66.563000000000002	69.5	75.382999999999996	71.459999999999994	60.872999999999998	60.453000000000003	59.743000000000002	Treatment 


Plant Height (cm)
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