


Nano Urea Integration with Varietal Choice for Optimizing Productivity, Nutrient Uptake, and Economic Efficiency in Hybrid Rice (Oryza sativa L.)




ABSTRACT

A field experiment was conducted during kharif (July–November) 2023 at the Central Research Farm, Gayeshpur, BCKV, Nadia, West Bengal, India to evaluate the effects of nano urea and rice hybrids under the New Alluvial Zone. The experiment employed a split-plot design with three replications. The main plots comprised of three hybrids: CHR 846, PAN 2423, and GMS 2264, whereas sub-plots included four fertilizer treatments [F1: Recommended dose of fertilizer at 90:45:45 (N: P2O5: K2O) kg ha-1, F2: 75% nitrogen + full P and K + 1 nano urea spray at 2 ml l-1 at 42 DAT, F3: 75% nitrogen + full P and K + 1 nano urea spray at 4 ml l-1 at 42 DAT and F4: 50% nitrogen + full P and K + 2 nano urea spray at 2 ml l-1 at 21 DAT and at 4 ml l-1 at 42 DAT)]. Results of the experiment revealed CHR 846 as the top-performing hybrid with the highest grain (5.89 t ha⁻¹) and straw (6.55 t ha⁻¹) yield. Among fertilizer treatments, F1 achieved the maximum grain (5.76 t ha⁻¹) and straw yield (6.74 t ha⁻¹), with statistically similar performance to F3 followed by F2 and F4. The findings of the experiment also indicated that CHR 846 with the recommended fertilizer dose (F1) was optimal for maximizing yield and profitability in the New Alluvial Zone of West Bengal.
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1. INTRODUCTION 
[bookmark: _Hlk205577550]Global rice production and consumption is projected to increase by about 18% relative to 2010 levels by 2050, while per‐capita cropped land for rice is expected to fall by around 25% making yield increases essential to meet food security (Velera el al., 2022). The cultivation of hybrid rice stands as a significant accomplishment in modern agricultural science. The higher yield potential in hybrid cultivars can be credited to larger panicle size with a greater number of spikelets per panicle (El-Namaky et al., 2016). Hybrid rice technology has the potential to boost yield and enhance the profitability of smallholder rice farms. Hybrids are reported                  to offer a 15-30 % yield advantage over traditionally bred open-pollinated varieties (Janaiah and Xie, 2010; Spielman et al., 2013). Moreover, Hybrid varieties of rice may produce higher grain yield with integrated nitrogen management practices as grain yield may reach up to 6,942 kg ha⁻¹ accompanied by improved nutrient uptake and yield attributes such as tiller count and dry matter accumulation (Jat et al., 2020). Despite claims of higher yields, hybrid rice accounted for only about 10 percent of India's total rice-cropped area. This low adoption rate raises questions about the            reasons behind it, suggesting a need for further investigation into technological, economic, ecological, institutional, and social factors.
 Nanotechnology offers promising alternatives especially nano urea, nano-sized N formulations that enhance nutrient delivery via superior surface-to-volume ratios and targeted absorption (Mirbakhsh, 2023). In rice, nano-fertilizers have demonstrated notable improvements in nitrogen use efficiency (NUE) and reduced reliance on conventional fertilizers. Specifically, Gondwal et al. (2024) reported that nano-urea application reduced N usage by about 25 % and improved both yield and grain quality. Similarly, Kasim et al. (2024) found that foliar nano-urea at 4 ml l-1 matched the growth, yield, and NUE of the standard RDF (90:45:45 kg N:P₂O₅:K₂O) treatment.
Nano-urea offers several benefits, including reducing the need for traditional urea by half (a half-liter bottle of liquid nano-urea is equivalent to one 45 kg bag of urea), making transportation more convenient and cost-effective. It also has the potential to decrease greenhouse effects due to its biodegradable nature, which reduces air and water pollution. Nano‑urea also increase the number of panicles per hill, filled grains per panicle, and NPK uptake over conventional urea treatments (Kaushik et al., 2024. Reddy et al., 2024, Meshram et al., 2024 and Namasharma et al., 2024). Environmentally, it is safe (Bhatla et al., 2022) enhancing soil biomass, soil health, and animal health. It improves agronomic efficiency for nitrogen (AEN) and crop recovery efficiency (CREN), which measures the nutrient absorbed per unit applied, increasing overall nitrogen use efficiency by (Bashir et al., 2024). But in several rigorous field studies, nano-urea has raised substantial concerns regarding its agronomic and economic viability. Farmers in Haryana and Sonipat reported no noticeable crop benefits despite increased expenses (Anonymous Observer, 2023); moreover, Sarkar et al. (2022) documented that 50 % RDN plus two nano-urea sprays yielded 40 % lower grain output than full RDN, underscoring yield penalties under reduced-N regimes; concerns over environmental and physiological risks were raised by Mirbakhsh (2023), who highlighted potential oxidative damage, DNA harm, and soil-microbial imbalances associated with nano-fertilizer use and, finally, field-level cost-benefit skepticism was echoed by independent observers noting that elevated input costs have not been offset by yield gains in real-world applications (Vivel Mishra, 2023)
In view of above facts, the present experiment was planned to evaluate the performance of rice hybrids along with different doses of nano-urea. In view of above facts, the present experiment was planned to evaluate the performance of rice hybrids along with different doses of nano-urea. This study is significant as it evaluates whether full or partial substitution with nano urea can outperform the full recommended fertilizer dose in relation to crop yield, nutrient uptake, and economic viability of three different hybrid rice varieties. 
2. MATERIALS AND METHODS

2.1 Study sites

[bookmark: _Hlk198817403]The field trial was conducted during the kharif (July–November) 2023 at the                       Central Research Farm in Gayeshpur, Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal (22° 97' N latitude and                  88°47' E longitude, approximately 15 MSL). The area features moderately elevated topography and was equipped with effective drainage. The climate of the region was characterized by a tropical subhumid climate characterized by a warm summer, unpredictable rainfall, high humidity, and a brief, mild winter. The maximum and minimum temperature during the experiment were around 34℃ and 21℃ respectively. The experimental site's soil was classified as an entisol with a sandy loam texture. It possessed a medium water-holding capacity and was moderately fertile, with low nitrogen (277.20 kg ha-1) availability and medium levels of phosphorus (57.31 kg ha-1) and potassium (213.72 kg ha-1). Modified Kjeldahl method, Olsen’s method and Flame Photometer method were used to estimate available nitrogen, phosphorus and potassium respectively. Size of each plot was 5 m × 3 m.

2.2 Method of data collection

Three types of hybrid rice varieties, namely CHR 846, PAN 2423, GMS 2264, were evaluated using various nutrient management techniques in the ongoing field trial. The varieties were kharif and having duration ranging 110-120 days. Seedlings were sown at the age of 21 days. The study was conducted using a Split Plot Design, where three main plot factors (three rice varieties) and four sub plot factors (four fertilizer treatment methods) were implemented in the experiment. Each combination was replicated three times. The number of panicles (effective tillers) was recorded from 1 m² area in each plot at    harvest, and the average number of panicles m-² was calculated. The filled and chaffy grains were separated from five sample panicles in each plot, counted filled grains separately, and the average number was recorded. The length of five panicles of the crop from each plot was measured at harvest, and the average length was recorded. One thousand cleaned, filled grains were counted from each plot, weighed, and expressed in grams. The total grain yield from each plot was then measured and converted  to tonnes per hectare (t ha-¹). After threshing, the straw bundles from each plot were weighed separately and, after drying in the sun for three days, expressed in tonnes per hectare (t ha-¹). HI was calculated as the ratio between the economic (grain) yield and the biological (grain + straw) yield and expressed as a percentage. Uptake of major nutrient by grain and straw was estimated by standard method by using the formula: N, P, K uptake (kg ha-1) = {N/P/K concentration (%) × grain or straw yield (kg ha-1)}/ 100. The monetary value of the produce, including both grain and straw, was determined based           on the market prices of paddy and straw in the trial year (2023). Gross return (Rs ha-1) was calculated as the product yield multiplied by the market price of the produce. Net return (Rs ha-1) for each treatment was computed by subtracting the total cost of cultivation from the gross return of the treatment. B-C ratio was calculated by the ratio gross return and cost of cultivation. The chemical analysis of soil was done with standard method. The experimental data underwent statistical analysis using the standard method of analysis of variance (ANOVA). The significance of treatment means was assessed using the F- test (Gomez and Gomez, 1984). Critical differences (at p=0.05) were calculated to evaluate distinctions among treatment means.







3. RESULTS AND DISCUSSION
3.1 Effect of Nano urea and variety on yield attributes of hybrid rice
3.1.1 Number of panicles m-2

Analysis of data presented in Table 1 revealed significant variation in the number of panicles among the evaluated varieties. The highest number of panicles was recorded in CHR 846 (V1) (398.78 panicles m⁻²), followed by PAN 2423 (V2) (372.01 panicles m⁻²) and GMS 2264 (V3) (361.01 panicles m⁻²). With respect to fertilizer treatments, the recommended dose of fertilizer (F1) produced the maximum number of panicles m⁻² (392.10), which could be attributed to the highest number of tillers m⁻² (Table 1). This treatment was statistically at par with the application of 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (389.46 panicles m⁻²), followed by 75% nitrogen + full P and K + one nano-urea spray at 2 ml l-1 1at 42 DAT (F2) (380.97 panicles m⁻²). Among the four fertilizer treatments, the lowest number of panicles m⁻² (346.54) was observed with the application of 50% nitrogen + full P and K + two nano-urea sprays at 2 ml l-1 at 21 DAT and at 4 ml l-1 1at 42 DAT (F4). A significant interaction effect was detected between variety and fertilizer dose on the number of panicles in hybrid rice. The maximum number of panicles m⁻² was obtained with the interaction between CHR 846 (V1) and the recommended dose of fertilizer (F1).
The variation in panicle number among varieties reflects the genetic potential of CHR 846 (V1) to produce more tillers and support higher panicle formation. Fertilizer treatments influenced panicle production likely due to improved nutrient availability, particularly nitrogen, enhancing tiller survival and panicle differentiation. The interaction effect indicates that varietal response to fertilizer is crucial for optimizing panicle production (Idowu et al., 2022; Boadu et al., 2025; Hu et al., 2023).

3.1.2 Panicle length

The panicle length of hybrid rice exhibited significant variation among the tested varieties (Table 1). The maximum panicle length was recorded in CHR 846 (V1) (29.92 cm), followed by PAN 2423 (V2) (25.99 cm) and GMS 2264 (V3) (25.40 cm). With respect to fertilizer treatments, the recommended dose of fertilizer (F1) produced the highest panicle length (27.45 cm), which could be attributed to improved nutrient uptake. This treatment was statistically at par with 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (27.35 cm) and 75% nitrogen + full P and K combined with one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (27.14 cm). Among the four fertilizer treatment methods, the lowest panicle length (26.46 cm) was recorded under 50% nitrogen + full P and K combined with two nano-urea sprays at 2 ml l-1 at 21 DAT and at 4 ml l-1 at 42 DAT (F4) (Table 1). A significant interaction effect between variety and fertilizer dose was also observed on the panicle length of hybrid rice.
Longer panicles in CHR 846 (V1) may result from its genetic potential for efficient assimilate partitioning and a favorable source-sink balance. Adequate nitrogen supply under recommended fertilizer doses likely supported better panicle elongation by enhancing nutrient availability during critical panicle-development phases (Zhou et al., 2023; Wang et al., 2017). Under low nutrient availability (F4), limited nitrogen and resources could restrict cell division, dry-matter accumulation, and assimilate translocation, thereby reducing panicle length (Ahmed, Jahan & Ali, 2010; EL-Habet et al., 2018). The significant interaction between variety and fertilizer treatment emphasizes that panicle growth depends not only on nutrient supply but also on the genetic background of the variety; matching varietal traits with proper fertilizer management is therefore vital for maximizing panicle growth (Idowu et al., 2022; Shrestha et al., 2022).
3.1.3. Number of filled grains panicle-1

The number of filled grains in hybrid rice varied significantly among the evaluated varieties (Table 1). The highest number of filled grains was recorded in CHR 846 (V1) (186.72 panicle⁻¹), followed by PAN 2423 (V2) (171.36 panicle⁻¹) and GMS 2264 (V3) (168.03 panicle⁻¹). Among the different fertilizer treatments, the recommended dose of fertilizer (F1) produced the maximum number of filled grains (181.59 panicle⁻¹), which was statistically at par with the application of 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (176.30 panicle⁻¹), followed by 75% nitrogen + full P and K + one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (175.07 panicle⁻¹). Among the four fertilizer treatment methods, the lowest number of filled grains (168.52 panicle⁻¹) was recorded under 50% nitrogen + full P and K + two nano-urea sprays (F4). The higher number of filled grains recorded under the recommended dose of fertilizer (F1) may be attributed to enhanced photosynthate production and more efficient source-to-sink translocation (Table 1). A significant interaction effect between variety and fertilizer dose was also observed on the number of filled grains in hybrid rice, with the highest value recorded under the combination of CHR 846 (V1) and the recommended dose of fertilizer (F1).

3.1.4 Number of unfilled grains panicle-1

The number of unfilled grains in hybrid rice exhibited significant variation among the tested varieties (Table 1). The highest number of unfilled grains was recorded in GMS 2264 (V3) (36.08 panicle⁻¹), followed by PAN 2423 (V2) (21.53 panicle⁻¹) and CHR 846 (V1) (20.86 panicle⁻¹). Regarding fertilizer treatments, the application of 50% nitrogen + full P and K + two nano-urea sprays (F4) resulted in the maximum number of unfilled grains (29.96 panicle⁻¹), followed by 75% nitrogen + full P and K + one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (26.30 panicle⁻¹) and 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (25.04 panicle⁻¹). Among the four fertilizer treatments, the lowest number of unfilled grains (23.33 panicle⁻¹) was recorded under the recommended dose of fertilizer (F1) (Table 1). A significant interaction effect between variety and fertilizer dose was also observed on the number of unfilled grains in hybrid rice.
Higher filled grains in CHR 846 (V1) reflect superior sink capacity and better nutrient utilization. Increased unfilled grains under F4 likely resulted from nutrient limitation, which restricted grain filling. The interaction highlights the importance of matching variety-specific nutrient requirements to optimize grain filling.
 
 3.1.5 1000 grain weight
As test weight is a genetically controlled trait, it varied significantly among the three rice hybrids evaluated in the experiment (Table 1). PAN 2423 (V2) exhibited the maximum 1000-grain weight (29.40 g), which could be attributed to its long and bold grain type, followed by CHR 846 (V1) (26.63 g) and GMS 2264 (V3) (23.93 g). Fertilizer treatment methods did not exert a significant effect on the 1000-grain weight of the rice hybrids. Nevertheless, the recommended dose of fertilizer (F1) recorded the highest test weight (27.67 g), followed by 50% nitrogen + full P and K + two nano-urea sprays (F4) (27.23 g), 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (27.09 g) and 75% nitrogen + full P and K + one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (27.02 g). No significant interaction effect between variety and fertilizer dose on the 1000-grain weight of hybrid rice was observed (Table 1). The variation in test weight among varieties reflects inherent genetic differences, particularly grain size and shape. Fertilizer treatments had minimal effect, indicating that 1000-grain weight is primarily determined by genotype rather than nutrient management.

Many studies like Pedireddy et al. (2024), Meshram et al. (2024), and Bashir and Bhatt et al. (2024) also depicted that 100% RDN via urea resulted in higher panicle density (tillers m-²), grains per panicle, filled grains and test weight than treatments where partial urea was substituted with nano‑urea. Moreover, many studies comparing full soil-applied nitrogen (100% recommended dose via conventional urea) with partial substitution by nano-urea report that full urea treatments produce superior yield components including higher panicle or tiller density (tillers m⁻²), grains per panicle, filled-grain number, and thousand-grain weight (Reddy et al., 2025; Gupta et al., 2025; Kamaran Azam & Singh, 2024). For instance, in transplanted rice under hill-region conditions, 75% RDN + two nano-urea sprays improved certain growth parameters, but conventional full N application still resulted in higher panicle number hill⁻¹, grain number per panicle, seed weight and final yield (Gupta et al., 2025). Foliar nano-urea sprays often supply mainly nitrogen and lack balanced phosphorus-potassium application via soil; thus, they may fail to meet the crop’s complete nutrient demand across all developmental stages, leading to lower sink development (grain number & filling) compared to full RDF treatments (Punjab Agricultural University field trials reported ~13% lower rice yield under nano-urea vs conventional urea) (Sikka & Kalia, 2024; see also Down To Earth, 2024). Moreover, integrated studies show that replacing a major portion of soil N with nano-nitrogen without adequate basal P and K may compromise nutrient uptake stability, reducing total NPK uptake and yield components (Azam & Singh, 2024; Reddy et al., 2025). This evidence supports the assertion that full or near-full soil application of urea tends to ensure more stable and sustained nitrogen (and other macro-nutrient) availability over the crop season, which is critical for panicle formation, grain filling, and achieving high 1000-grain weight; whereas nano-urea foliar sprays being nitrogen-only and often limited in splits may not sufficiently supply nutrients for optimum sink (grain) development.

	Table 1: Effect of Nano urea and variety on yield components of hybrid rice 

	Treatment
	Yield components and associated characters

	
	Number of
Panicle m-2
	Panicle
length (cm)
	Number of filled    grains panicle-1
	Number of unfilled grains panicle-1
	Test weight (g)

	Variety
	

	V1
	398.78
	29.92
	186.72
	20.86
	28.43

	V2
	372.01
	25.99
	171.36
	21.53
	29.4

	V3
	361.01
	25.4
	168.03
	36.08
	23.93

	S.Em±
	3.89
	0.13
	1.43
	0.74
	0.39

	CD (p=0.05)
	15.26
	0.52
	5.6
	2.92
	1.55

	Fertilizer
	

	F1
	392.10
	27.45
	181.59
	23.33
	27.67

	F2
	380.97
	27.14
	175.07
	26.30
	27.02

	F3
	389.46
	27.35
	176.30
	25.04
	27.09

	F4
	346.54
	26.46
	168.52
	29.96
	27.23

	S.Em±
	2.57
	0.24
	2.11
	1.06
	0.19

	CD (p=0.05)
	7.65
	0.71
	6.26
	3.14
	NS

	Interaction
	

	V1F1
	427.61
	28.80
	203.44
	23.00
	29.23

	V1F2
	411.48
	30.64
	191.78
	22.56
	27.80

	V1F3
	388.35
	30.34
	168.33
	17.00
	28.40

	V1F4
	367.68
	29.91
	183.33
	20.89
	28.27

	V2F1
	393.35
	27.25
	174.00
	18.78
	29.23

	V2F2
	374.77
	26.07
	163.89
	17.78
	29.73

	V2F3
	403.39
	26.52
	187.11
	17.33
	29.30

	V2F4
	316.53
	24.11
	160.44
	32.22
	29.33

	V3F1
	355.35
	26.31
	167.34
	28.22
	24.53

	V3F2
	356.65
	24.72
	169.55
	38.55
	23.53

	V3F3
	376.62
	25.20
	173.44
	40.78
	23.57

	V3F4
	355.41
	25.37
	161.78
	36.78
	24.10

	
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V

	S.Em±
	4.46
	5.48
	0.41
	0.38
	3.65
	3.47
	1.83
	1.75
	0.33
	0.49

	CD (p=0.05)
	13.25
	16.28
	1.23
	1.14
	10.85
	10.31
	5.44
	5.20
	NS
	NS





3.2 Effect of Nano urea and variety on yield and harvest index of hybrid rice

3.2.1 Grain yield

Analysis of data presented in Table 2 revealed that grain yield was strongly influenced by the combined effect of various yield components. Different hybrid rice varieties appeared to utilize environmental conditions in distinct ways to enhance their growth and productivity. In the present experiment, grain yield varied significantly among the varieties tested. CHR 846 (V1) produced the highest grain yield (5.89 t ha⁻¹), followed by PAN 2423 (V2) (5.27 t ha⁻¹) and GMS 2264 (V3) (5.24 t ha⁻¹). The superior yield performance of CHR 846 (V1) could be attributed to its greater production of panicles m⁻² (398.78) and higher number of filled grains panicle⁻¹ (186.72) compared with the other hybrids during the kharif season.
Fertilizer treatments also exerted a significant influence on the grain yield of hybrid rice (Table 2). The recommended dose of fertilizer (F1) recorded the highest grain yield (5.76 t ha⁻¹), which was statistically comparable to 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (5.55 t ha⁻¹), followed by 75% nitrogen + full P and K combined with one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (5.45 t ha⁻¹). Among the four fertilizer treatments, the lowest grain yield (5.11 t ha⁻¹) was recorded under 50% nitrogen + full P and K combined with two nano-urea sprays (F4), which may be attributed to the lower production of panicles m⁻² (346.54), reduced number of filled grains panicle⁻¹ (168.52) and higher number of unfilled grains panicle⁻¹ (29.96) compared with the other treatments during the kharif season.
A significant interaction effect between variety and fertilizer dose on grain yield of hybrid rice was also observed during the kharif season, with the highest grain yield obtained under the combination of CHR 846 (V1) and the recommended dose of fertilizer (F1).
Grain yield is strongly correlated with panicle number and filled grains. Recommended fertilizer doses enhanced nutrient availability, supporting better source-to-sink translocation, while reduced doses (F4) limited yield components. The interaction emphasizes the combined influence of genotype and fertilizer management on productivity.

3.2.2 Straw yield

Straw yield varied significantly among the three rice hybrids evaluated in the experiment (Table 2). Among the hybrids, CHR 846 (V1) produced the highest straw yield (6.55 t ha⁻¹), which may be attributed to greater dry matter accumulation, and this value was statistically at par with PAN 2423 (V2) (6.50 t ha⁻¹). The minimum straw yield was observed in GMS 2264 (V3) (6.44 t ha⁻¹). Fertilizer treatment methods also exerted a significant influence on the straw yield of hybrid rice. The recommended dose of fertilizer (F1) recorded the maximum straw yield (6.74 t ha⁻¹), which was statistically comparable with 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (6.73 t ha⁻¹) and 75% nitrogen + full P and K combined with one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (6.48 t ha⁻¹). Among the four fertilizer treatment methods, the lowest straw yield (6.05 t ha⁻¹) was recorded under 50% nitrogen + full P and K combined with two nano-urea sprays (F4), which may be attributed to lower nutrient uptake by both grain and straw compared with the other three fertilizer treatment methods (Table 2). A significant interaction effect between variety and fertilizer dose on the straw yield of hybrid rice was also observed during the kharif season.
Higher straw yield in CHR 846 (V1) may be linked to greater biomass accumulation, supported by optimum nutrient supply. Reduced fertilizer doses limited vegetative growth, lowering straw yield. The variety × fertilizer interaction indicates that fertilizer management can enhance biomass production in high-yielding hybrids.
[bookmark: _Hlk184941419]
3.2.3 Harvest index

Harvest index varied significantly among the three rice hybrids evaluated in the experiment (Table 2). Among the hybrids, CHR 846 (V1) produced the highest harvest index (47.53 %). The minimum harvest index was observed in PAN 2423 (V2) (44.71 %). Fertilizer treatment methods also exerted a significant influence on the harvest index of hybrid rice. The recommended dose of fertilizer (F1) recorded the maximum harvest index (46.02 %). Among the four fertilizer treatment methods, the lowest harvest index (45.28 %) was recorded under 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3), which may be attributed to lower nutrient uptake by both grain and straw compared with the other three fertilizer treatment methods (Table 2). A significant interaction effect between variety and fertilizer dose on the harvest index of hybrid rice was also observed during the kharif season.
The higher harvest index in CHR 846 (V1) indicates efficient partitioning of assimilates to grain. Fertilizer treatments influenced total biomass but had minimal effect on harvest index, suggesting that source-to-sink efficiency is largely genetically determined, with minor modulation by nutrients.

Sikka et al. (2024) also observed that full RDN (recommended dose of nitrogen) applied in split significantly outperformed nano‑urea substitution treatments in grain yield and harvest index. Moreover, Kumar et al. (2019) after conducting trials on the hybrid Arize‑6444 Gold indicated that application of 150 kg N/ha produced a grain yield of approximately 6,050 kg/ha with a harvest index of 45.21%, significantly surpassing treatments with lower nitrogen levels. The result might be because full RDF applied in well-timed splits ensured sustained nitrogen availability during critical developmental stages like vegetative growth, panicle initiation, and grain‑filling, supporting efficient biomass partitioning to grain and resulting in higher grain yield and harvest index. Nano‑urea foliar sprays, however, generally supplied lower total nitrogen in fewer applications and are limited by reduced systemic uptake, often failing to meet the crop’s temporal and quantitative nitrogen demands.


	Table 2: Effect of Nano urea and variety on yield and harvest index of hybrid rice                during kharif season

	Treatment
	Grain Yield (t ha-1)
	Straw Yield (t ha-1)
	Harvest Index (%)

	Variety
	

	V1
	5.89
	6.55
	47.53

	V2
	5.27
	6.5
	44.71

	V3
	5.24
	6.44
	44.93

	S.Em±
	0.13
	0.02
	0.59

	CD (p=0.05)
	0.51
	0.06
	2.34

	Fertilizer
	

	F1
	5.76
	6.74
	46.02

	F2
	5.45
	6.48
	45.76

	F3
	5.55
	6.73
	45.28

	F4
	5.11
	6.05
	45.83

	S.Em±
	0.11
	0.14
	0.73

	CD (p=0.05)
	0.33
	0.41
	NS

	Interaction
	

	V1F1
	6.22
	6.70
	48.12

	V1F2
	6.08
	5.44
	52.77

	V1F3
	5.72
	7.54
	43.11

	V1F4
	5.55
	6.52
	46.10

	V2F1
	5.15
	6.46
	44.29

	V2F2
	5.42
	7.07
	43.38

	V2F3
	5.72
	6.18
	48.02

	V2F4
	4.78
	6.30
	43.14

	V3F1
	5.92
	7.05
	45.64

	V3F2
	4.85
	6.93
	41.14

	V3F3
	5.22
	6.45
	44.70

	V3F4
	4.98
	5.34
	48.25

	
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V

	S.Em±
	0.19
	0.21
	0.24
	0.21
	1.27
	1.25

	CD (p=0.05)
	0.57
	0.63
	0.71
	0.62
	3.78
	3.72



3.3 Major Nutrient uptake studies
3.3.1 Nitrogen uptake by grain and straw (kg ha-1) by hybrid rice

Table 3 and Figures 1 and 2 present data on nitrogen uptake by grain and straw (kg ha⁻¹) in hybrid rice as influenced by various treatments involving foliar application of nano-urea. The highest nitrogen uptake by grain and straw was recorded in CHR 846 (V1) (108.96 kg ha⁻¹), followed by PAN 2423 (V2) and GMS 2264 (V3). With respect to fertilizer treatments, significantly higher nitrogen uptake by grain and straw was observed under the recommended dose of fertilizer (F1) (118.93 kg ha⁻¹), followed by 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1  at 42 DAT (F3), 75% nitrogen + full P and K combined with one nano-urea spray at 2 ml l-1 at 42 DAT (F2), and 50% nitrogen + full P and K combined with two nano-urea sprays (F4). A significant interaction effect between variety and fertilizer dose on nitrogen uptake by grain and straw of hybrid rice was also observed during the kharif season.
3.3.2. Phosphorus uptake by grain and straw (kg ha-1) by hybrid rice

Table 3 and Figures 1 and 2 present data on phosphorus uptake by grain and straw (kg ha⁻¹) in hybrid rice as influenced by different treatments involving foliar application of nano-urea. The highest phosphorus uptake by grain and straw was recorded in CHR 846 (V1) (35.96 kg ha⁻¹), followed by PAN 2423 (V2) and GMS 2264 (V3). Among the fertilizer treatments, significantly higher phosphorus uptake by grain and straw was observed under the recommended dose of fertilizer (F1) (36.48 kg ha⁻¹), followed by 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3), 75% nitrogen + full P and K combined with one nano-urea spray at 2 ml l-1 at 42 DAT (F2), and 50% nitrogen + full P and K combined with two nano-urea sprays (F4). A significant interaction effect between variety and fertilizer dose on phosphorus uptake by grain and straw of hybrid rice was also observed during the kharif season.
3.3.3 Potassium uptake by grain and straw (kg ha-1) by hybrid rice

Table 3 and Figures 1 and 2 present data on potassium uptake by grain and straw (kg ha⁻¹) in hybrid rice as influenced by different treatments involving foliar application of nano-urea. The highest potassium uptake by grain and straw was recorded in CHR 846 (V1) (82.27 kg ha⁻¹), followed by PAN 2423 (V2) and GMS 2264 (V3). With respect to fertilizer treatments, significantly higher potassium uptake by grain was observed under 75% nitrogen + full P and K combined with one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (15.06 kg ha⁻¹), whereas the highest potassium uptake by straw was recorded under the recommended dose of fertilizer (F1) (63.25 kg ha⁻¹). The lowest potassium uptake by both grain and straw was recorded under 50% nitrogen + full P and K combined with two nano-urea sprays (F4). A significant interaction effect between variety and fertilizer dose on potassium uptake by grain and straw of hybrid rice was also observed during the kharif season.

Higher nutrient (N, P, K) uptake in CHR 846 (V1) is associated with greater biomass and yield potential. Recommended fertilizer doses improved NPK uptake, enhancing nutrient availability and assimilation. Foliar nano-urea applications contributed to improved nutrient translocation. Interaction effects highlight the importance of integrating varietal selection with precise fertilizer management to maximize nutrient use efficiency. Greater nutrient uptake under 100% RDF compared with nano-urea substitution likely reflect the advantage of supplying all required nutrients (N, P, K) through soil, ensuring balanced and sustained availability of macro-nutrients that supports root uptake, assimilate partitioning and panicle development (Singh et al., 2024). In contrast, foliar nano-urea often supplies only nitrogen (without P and K) and may not guarantee synchronized or systemic nutrient uptake, which can limit overall nutrient acquisition (Namasharma et al., 2023). Thus, the superiority of 100% RDF for nutrient uptake and use efficiency as observed by Patel et al. (2024) may stem from the completeness and balance of nutrient supply via soil over time rather than just nitrogen alone (Idowu et al., 2022;)
	
	Table 3: Effect of variety and Nano urea on nutrient uptake in both grain and straw of  rice hybrids during kharif season

	Treatment
	N uptake (kg ha-1)
	P uptake (kg ha-1)
	K uptake (kg ha-1)
	    B:C ratio

	
	Grain
	Straw
	Grain
	Straw
	Grain
	Straw
	

	Variety
	
	

	V1
	63.72
	45.24
	21.66
	14.30
	15.82
	66.45
	2.19

	V2
	56.10
	39.83
	20.90
	13.80
	13.28
	55.78
	1.97

	V3
	54.03
	38.36
	20.10
	13.26
	13.98
	58.73
	1.96

	S.Em±
	0.61
	0.43
	0.19
	0.12
	0.22
	0.93
	0.02

	CD (p=0.05)
	2.40
	1.71
	0.74
	0.49
	0.87
	3.67
	0.08

	Fertilizer
	
	

	F1
	69.55
	49.38
	21.98
	14.50
	14.10
	63.25
	2.15

	F2
	54.99
	39.05
	20.52
	13.54
	14.25
	59.22
	2.04

	F3
	60.23
	42.76
	20.91
	13.80
	15.06
	59.84
	2.07

	F4
	47.03
	33.39
	20.14
	13.29
	14.04
	58.98
	1.91

	S.Em±
	0.42
	0.30
	0.17
	0.11
	0.25
	1.05
	0.01

	CD (p=0.05)
	1.25
	0.89
	0.49
	0.33
	0.75
	3.13
	0.04

	Interaction
	
	

	V1F1
	76.50
	54.31
	20.11
	13.27
	16.17
	58.23
	2.30

	V1F2
	62.68
	44.50
	20.74
	13.69
	17.59
	67.91
	2.23

	V1F3
	63.47
	45.07
	20.39
	13.46
	13.86
	73.86
	2.15

	V1F4
	52.23
	37.08
	25.42
	16.78
	15.67
	65.81
	2.07

	V2F1
	62.83
	44.61
	20.08
	13.26
	13.39
	67.79
	1.93

	V2F2
	54.72
	38.85
	21.77
	14.37
	12.68
	56.24
	2.04

	V2F3
	62.35
	44.27
	24.46
	16.15
	16.14
	53.25
	2.12

	V2F4
	44.50
	31.60
	17.30
	11.42
	10.91
	45.82
	1.80

	V3F1
	69.31
	49.21
	25.74
	16.99
	12.74
	63.71
	2.21

	V3F2
	47.58
	33.78
	19.06
	12.58
	12.48
	53.50
	1.84

	V3F3
	54.87
	38.96
	17.88
	11.80
	15.17
	52.41
	1.95

	V3F4
	44.36
	31.49
	17.71
	11.69
	15.55
	65.31
	1.85

	
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V×F
	F×V
	V××F
	F××V

	S.Em±
	0.73
	0.88
	0.52
	0.62
	0.29
	0.31
	0.19
	0.21
	0.44
	0.44
	1.83
	1.84
	0.03
	0.03

	CD (p=0.05)
	2.16
	2.61
	1.54
	1.85
	0.85
	0.93
	0.56
	0.61
	1.29
	1.30
	5.43
	5.46
	0.08
	0.09




3.3.4  B:C ratio
[bookmark: _Hlk209525922]Economic analysis based on the comparison of gross income and total cost of cultivation revealed significant variation in the benefit-cost (B:C) ratio among the rice hybrids (Table 3). The highest B:C ratio was observed in CHR 846 (V1) (2.19), followed by PAN 2423 (V2) (1.97) and GMS 2264 (V3) (1.96). Among the fertilizer treatments, the recommended dose of fertilizer (F1) recorded the highest B:C ratio, followed by 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) (2.07), 75% nitrogen + full P and K + one nano-urea spray at 2 ml l-1 at 42 DAT (F2) (2.04), while the lowest B:C ratio (1.91) was recorded under 50% nitrogen + full P and K + two nano-urea sprays (F4).Among the twelve treatment combinations, the maximum economic returns were obtained from the combination of CHR 846 (V1) with the recommended dose of fertilizer (F1), which produced the highest gross return (Rs. 146,871.80 ha⁻¹), net return (Rs. 83,095.04 ha⁻¹), and B:C ratio (2.30) during the kharif season of hybrid rice.
The superior economic performance of CHR 846 (V1) combined with the recommended dose of fertilizer can be attributed to its higher grain and straw yield, efficient nutrient use, and optimized source-to-sink translocation. Fertilizer treatments enhancing nutrient availability and grain filling contributed to improved profitability. These findings highlight the importance of integrating high-yielding varieties with appropriate nutrient management to achieve both high productivity and economic returns. Kaushik et al., 2024 also observed that 100% RDF offered highest gross return, net return and benefit cost ratio suppressing nano urea substitution treatments. The reason behind this was soil applied RDF ensured synchronized nutrient supply particularly nitrogen across crop phases, thus boosting yield and economic returns. Nano‑urea foliar sprays, offering limited nitrogen in fewer splits and missing balanced NPK, reduced profitability by failing to meet broader crop nutrient demands. 
4. CONCLUSION

[bookmark: _GoBack]CHR 846 (V1) consistently showed superior yield components, nutrient uptake, and economic returns compared to PAN 2423 (V2) and GMS 2264 (V3). The recommended dose of fertilizer (F1) maximized grain and straw yield, nutrient assimilation, and profitability, while reduced nitrogen with nano-urea sprays (F4) recorded the lowest performance. Overall, the study highlights that CHR 846 (V1) with the recommended dose fertilizer is the most suitable combination for maximizing yield, nutrient uptake and economic returns in hybrid rice during the kharif season. However, 75% nitrogen + full P and K + one nano-urea spray at 4 ml l-1 at 42 DAT (F3) can be used as an alternative to save nitrogen.
[bookmark: _Hlk204003461][bookmark: _Hlk213070710]
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	Figure 1. Effect of variety on nutrient uptake (grain & straw) by hybrid rice
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                     Figure 2. Effect of nano urea on nutrient uptake (grain & straw) by hybrid rice




