Synergizing Nano-Urea and Organic Manure for Enhanced Physiological Efficiency and Productivity in Wheat
Overall, the paper can be accepted with minor revisions. But it needs serious revision and need to remove all the grammatical mistakes.


Abstract
Background: Sustainable nutrient management mitigates soil degradation by synergizing nano-fertilizers, organic amendments, and bio-biological inoculants. 
Methods and Materials: A randomized block design field experiment was conducted during the 2024–25 Rabi season at KVK, Ghaziabad, evaluating nine nutrient management strategies on wheat variety DBW-187. Treatments integrated 100% and 75% recommended doses of fertilizer (RDF) with farmyard manure (FYM; 5 t ha⁻¹), liquid NPK consortia seed treatments, and foliar-applied nano-urea (4% w/v). Rigorous physiological assessments included periodic dry matter accumulation, Leaf Area Index (LAI), and Crop Growth Rate (CGR). Post-harvest elemental analysis quantified nitrogen concentration via the micro-Kjeldahl method to derive physiological efficiency (PE). 	Comment by Muhammad Khizar Hayat: Mention also winter and summer for the international readers as well.	Comment by Muhammad Khizar Hayat: Also add the complete name of this abbreviation and also add country name with Ghaziabad. 
Results: Experimental findings revealed a superior performance hierarchy of  T4 > T6 > T5 > T7 > T9 > T8 > T2 > T3 > T1  across all parameters. Treatment  T4  (100% RDF + FYM) achieved peak grain yield ( 6.20  t ha⁻¹), dry matter ( 248.0  g m⁻¹), and LAI ( 3.20 ), closely followed by the nano-urea intervention ( T6 ). Nano-urea significantly enhanced nitrogen use efficiency, yielding a grain nitrogen content of  1.82 %  and a PE of  38.4 . This superiority stems from optimized source-to-sink translocation and sustained metabolic activity during the critical 60–90 DAS interval, where CGR peaked at  25.60  g m⁻² day⁻¹. 	Comment by Muhammad Khizar Hayat: Remove the extra spaces (grammatical mistakes) from this section
Conclusion: Integrating nano-urea with organic manure optimizes physiological efficiency and maximizes wheat productivity through enhanced nutrient assimilation and soil resilience. 	Comment by Muhammad Khizar Hayat: Add the treatment here, which treatment shows optimum results
Keywords: Nano-urea, Integrated Nutrient Management, Physiological Efficiency, Crop Growth Rate, Sustainable Intensification.
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Graphical Abstract
Introduction
Wheat (Triticum aestivum L.) stands as a foundational pillar of global food security, particularly in the Indian subcontinent, where it serves as the primary caloric staple for over 1.4 billion people (Kumar et al., 2025). The Indo-Gangetic Plains (IGP), encompassing a vast expanse of 10 million hectares, are the engine of India’s agricultural output, contributing approximately 110 million tons of wheat annually (Cheruvu, 2025; Sendhil et al., 2019). However, the long-term sustainability of the intensive rice-wheat cropping system is currently jeopardized by severe soil degradation, characterized by the precipitous decline of organic matter, chronic nutrient imbalances, and diminished microbial functionality (Lal, 2012). These systemic challenges are compounded by profound fertilizer use inefficiencies; nitrogen use efficiency (NUE) in wheat frequently stagnates below 50%, precipitating substantial reactive nitrogen losses through leaching, volatilization, and denitrification, which exacerbate greenhouse gas emissions and groundwater contamination(Ali et al., 2025).	Comment by Muhammad Khizar Hayat: Change this sentence. Like’ “Wheat (Triticum aestivum L.) stands as a foundational pillar of global food security in subcontinent, particularly in India. 
Soil microorganisms constitute the biological bedrock of agroecosystem functionality, mediating critical biogeochemical processes such as nutrient mineralization and organic matter decomposition (Yang et al., 2021). Microbial biomass carbon (MBC) and key enzymatic indicators—specifically dehydrogenase, alkaline phosphatase, and urease—serve as sensitive proxies for soil biological health and nutrient cycling efficiency (Niemeyer et al., 2012). Despite their importance, conventional fertilization regimes often rely on excessive inorganic inputs that exert osmotic stress and toxicity on these microbial communities, thereby impairing long-term soil fertility and resilience (Xing et al., 2025). For instance, high-input urea applications have been shown to inhibit urease activity and destabilize bacterial community structures, compromising the very biological drivers essential for crop productivity (Ji et al., 2022; Sun et al., 2019). 	Comment by Muhammad Khizar Hayat: Remove such hypes and use dashes ------	Comment by Muhammad Khizar Hayat: Same here
In this context, nano-nutrients represent a paradigm shift in precision agriculture, offering controlled-release formulations that optimize nutrient delivery and minimize environmental footprints (Mgadi et al., 2024). Nano-urea, characterized by its high surface-to-volume ratio and superior foliar penetration, has demonstrated the potential to achieve NUE levels of 80–90%, compared to the 40% typically observed with granular urea (Dey et al., 2025; Jayara et al., 2023). Preliminary evidence suggests that nano-fertilizers can positively modulate the soil microbiome by reducing salt stress and enhancing the availability of carbon substrates, thereby promoting keystone microbial taxa (Liao et al., 2023; Mgadi et al., 2024). Furthermore, the integration of modern nano-technological interventions with traditional organic amendments, such as farmyard manure (FYM), and biological inoculants like NPK consortia, may provide the necessary synergy to restore soil health while maintaining high productivity (Walia et al., 2025).
Despite the burgeoning interest in nanotechnology, empirical evidence regarding the impact of nano-nutrient regimes on soil microbial biomass and enzymatic dynamics within the specific agro-climatic constraints of the eastern IGP remains fragmented (Upadhyay et al., 2023). The region faces unique stresses, including high alkalinity and erratic monsoons, which necessitate site-specific validations. Consequently, this study was designed to investigate the influence of integrated nutrient management—combining nano-urea, FYM, and bio-consortia—on the biological, physiological, and yield attributes of wheat (Basir et al., 2020). By optimizing these interventions, this research aims to inform precision agricultural strategies that align with national mandates for sustainable intensification and reduced synthetic input reliance (Kumar et al., 2023).	Comment by Muhammad Khizar Hayat: Where is the objective of this study???
Materials and Methods
2.1 experimental Site and Environmental Conditions	Comment by Muhammad Khizar Hayat: Remove all the grammatical mistakes from this section
A field experiment was executed during the Rabi season of 2024–25 at the Instructional Farm of Krishi Vigyan Kendra (KVK), Ghaziabad, Uttar Pradesh, India ( 28.67   circ   N,  77.42   circ   E; 213 m AMSL). The regional climate is characterized as semi-arid and sub-tropical, featuring hot summers and cold winters. The experimental duration coincided with typical winter conditions conducive to wheat cultivation. Total precipitation received during the crop cycle was meteorological appropriate, supplemented by scheduled irrigations.
2.2 Soil Physico-Chemical Characterization
Prior to initiating the experiment, composite soil samples were randomized collected from the 0–15 cm depth across the experimental arena to ascertain baseline fertility status. The experimental soil was classified taxonomically as a sandy loam (Typic Ustochrept), exhibiting moderate drainage and categorized as representing the Indo-Gangetic Alluvial plains. Standard analytical protocols were employed for soil analysis, as detailed in Table 1. The soil was slightly alkaline (pH 7.6), low in available nitrogen ( 185.3  kg ha⁻¹), and medium in available phosphorus ( 16.8  kg ha⁻¹) and potassium ( 192.5  kg ha⁻¹).
Table 1: Baseline Physico-Chemical Properties of the Experimental Soil (0–15 cm)	Comment by Muhammad Khizar Hayat: Add your own soil analysis, where you did this experiment.
	Soil Parameter	Comment by Muhammad Khizar Hayat: This table is not acceptable for your own research experiment
	Values
	Analytical Method Employed

	I. Physical Properties
	
	

	Sand (%)
	 63.4 
	(Piper, 1966)

	Silt (%)
	 20.2 
	Piper (1966)

	Clay (%)
	 16.4 
	Piper (1966)

	Textural Class
	Sandy Loam
	USDA Textural Triangle

	Bulk Density ( Mg  m  -3  )
	 1.42 
	(Black, 1965)

	II. Chemical Properties
	
	

	Soil pH (1:2.5 w/v)
	 7.60 
	(Jackson, 1973)

	EC ( dS  m -1   at  250 C)
	 0.35 
	(Jackson, 1973)

	Organic Carbon (%)
	 0.42 
	(Walkley & BLACK, 1934)

	Available N (kg ha⁻¹)
	 185.3 
	(Subbiah & Asija, 1956)

	Available P (kg ha⁻¹)
	 16.8 
	(Olsen et al., 1954)

	Available K (kg ha⁻¹)
	 192.5 
	(Hanway & Heidel, 1952)


2.3 Experimental Design, Treatment Details, and Layout
The experiment was laid out in a Randomized Block Design (RBD) featuring nine distinct nutrient management strategies, with each treatment strictly replicated three times. The gross plot size was  5.0  m   times   4.2  m ( 21.0  m 2 ), separated by  1.0  m irrigation channels and  0.5  m bunds to prevent treatment border effects. The details of the experimental treatments are structured below:
Chart 1: Experimental Treatments	Comment by Muhammad Khizar Hayat: This table is not necessary. 
	Treatment Code
	Treatment Details and Nutrient Rates

	T1
	Absolute Control (No Fertilizer + No Seed Treatment)

	T2
	100% Recommended Dose of Fertilizer (RDF) (150:60:40 NPK kg ha⁻¹)

	T3
	75% RDF (112.5:45:30 NPK kg ha⁻¹)

	T4
	100% RDF + Farm Yard Manure (FYM) @ 5 t ha⁻¹

	T5
	100% RDF + NPK Consortia [Seed Treatment (ST) @ 10 ml kg⁻¹ seed]

	T6
	100% RDF + Nano-Urea [Two Foliar Sprays @ 4 ml L⁻¹ (4% w/v)]

	T7
	75% RDF + FYM @ 5 t ha⁻¹

	T8
	75% RDF + NPK Consortia (Seed Treatment @ 10 ml kg⁻¹ seed)

	T9
	75% RDF + Nano-Urea (Two Foliar Sprays @ 4 ml L⁻¹ water)


2.4 Materials and Crop Management	Comment by Muhammad Khizar Hayat: Remove all the grammatical mistakes from this section.
1. Test Crop: Wheat (Triticum aestivum L.) variety DBW-187 (Karan Vandana) was selected for its high-yielding potential and suitability for timely sown irrigated conditions in the region. Sowing was done in the second week of November 2024.
1. Seed Rate and Sowing: A uniform seed rate of  100  kg ha⁻¹ was adopted. Sowing was carried out manually in lines spaced  22.5  cm apart at a depth of 4–5 cm.
1. Fertilizer Sources and Application: * The recommended nutrient dose (RDF) for the region is 150:60:40 kg ha⁻¹ of N:P₂O₅:K₂O.
2. Mineral fertilizers were sourced as Urea (46% N), Di-Ammonium Phosphate (DAP) (18% N, 46% P₂O₅), and Muriate of Potash (MOP) (60% K₂O).
2. Full doses of phosphorus and potassium, along with one-third of nitrogen, were applied basally at sowing. The remaining two-thirds of nitrogen was top-dressed in two equal splits at the crown root initiation (CRI) and tillering stages, synchronized with irrigation.
1. Nano-Urea Intervention: Commercial Nano-Urea (IFFCO) containing 4% (w/v) nitrogen was utilized. Foliar sprays were executed at 35 DAS (tillering) and 55 DAS (pre-flowering) using a high-volume knapsack sprayer calibrated at  500  L ha⁻¹ discharge rate.
1. Bio-fertilizer Application: Liquid NPK Consortia (containing Azotobacter chroococcum, Bacillus megaterium, and Frateuria aurantia) was applied via seed treatment at  10  ml per kg seed just prior to sowing in designated plots ( T5  and  T8 ).
1. Organic Amendment: Well-decomposed Farm Yard Manure (FYM) containing  0.52 %  N,  0.26 %  P, and  0.55 %  K was incorporated basally two weeks before sowing @ 5 t ha⁻¹ in  T4  and  T7 .
1. Irrigation and Inter-culture: The crop received five scheduled irrigations (at CRI, Tillering, Jointing, Flowering, and Milking stages) via flooding. Standard agronomic practices for weed control (Pre-emergence Pendimethalin @ 1.0 kg a.i. ha⁻¹) and plant protection were implemented uniformly across all plots to maintain a healthy crop stand.
1. Harvesting: The crop was harvested manually at physiological maturity (last week of March 2025) from the net plot area ( 4.0  m   X   3.2  m).
2.5 Growth Analysis and Physiological Indices
To assess the impact of integrated nutrient management on crop ontogeny and photosynthetic capacity, several growth indices were systematically recorded at 30, 60, and 90 days after sowing (DAS), and at physiological maturity (Jinger et al., 2021).
2.5.1 Periodic Dry Matter Accumulation (g  m  -1  )
Dry matter accumulation was quantified by harvesting plants from a representative 0.5-meter row length in each treatment. Samples were sun-dried followed by oven-drying at  65  pm 2   circ  C until a constant weight was achieved. The final biomass was converted to g  m  -1   to represent the total accumulation per unit row length (Rho et al., 2023).	Comment by Muhammad Khizar Hayat: Correct these units.
2.5.2 Leaf Area Index (LAI)
The Leaf Area Index, representing the ratio of total green leaf area to the ground area, was estimated periodically. All green leaves were separated from the sampled plants, and the leaf area was measured using a laser leaf area meter (or via the disc method). LAI was then calculated using the following formula (Rogers et al., 2021): 
 						Total leaf area of plants (cm²)    
LAI =  Total leaf area of plants (cm²)= -------------------------------------------------       	Comment by Muhammad Khizar Hayat: Add this in the form of equation.
Ground area occupied by plants (cm²)    

2.5.3 Crop Growth Rate (CGR; g  m  -2    day  -1  )	Comment by Muhammad Khizar Hayat: Also remove the grammatical mistakes from this section and insert the equations
The Crop Growth Rate, which measures the dry matter produced per unit ground area per unit time, was computed for the intervals 30–60 DAS, 60–90 DAS, and 90 DAS to harvest. The calculation followed the formula proposed by Watson (Ayu et al., 2018): 
[image: ]
where  W1  and  W2  are dry weights at times  t1  and  t2 , and  SA  is the surface area.
2.6 Yield Attributes and Productivity
At physiological maturity, the net plot area was harvested to determine the final productivity.
1. Grain and Straw Yield (t  ha  -1  ): Grain yield was adjusted to 14% moisture content, and straw yield was recorded after thorough sun-drying.
1. Harvest Index (HI): Calculated as the percentage of economic yield (grain) relative to the total biological yield (grain + straw).
2.7 Nutrient Analysis and Efficiency Indices
Post-harvest plant samples (grain and straw) were processed for elemental analysis to determine the efficiency of the applied nutrient strategies.
2.7.1 Nitrogen Content (%)
Plant samples were ground and digested using the micro-Kjeldahl method. The nitrogen concentration in both grain and straw was determined colorimetrically and expressed as a percentage on a dry-weight basis.	Comment by Muhammad Khizar Hayat: Correct the spellings
2.7.2 Physiological Efficiency (PE)	Comment by Muhammad Khizar Hayat: Inset the equations not the pictures.
Physiological efficiency represents the grain yield increase per unit of nutrient uptake. This index was calculated to evaluate how effectively the absorbed nitrogen was utilized for grain production: 
[image: ]
2.8 Statistical Scrutiny	Comment by Muhammad Khizar Hayat: Remove the grammatical mistake and also add the citation for this analysis from the already published papers.
The collected data for growth, yield, and efficiency parameters were subjected to Analysis of Variance (ANOVA) for a Randomized Block Design. The significance of treatment differences was tested at a  5 %  probability level, and critical differences (CD) were calculated to compare treatment means where the 'F' test proved significant.
Result and Discussion	Comment by Muhammad Khizar Hayat: Remove all the grammatical mistakes from this section  and improve your results while comparing with others.
The periodic dry matter accumulation (DMA) of wheat, as presented in Table 2, exhibited a progressive increase across all growth stages, with the most intensive accumulation occurring during the 60 to 90 days after sowing (DAS) interval. The experimental results followed a distinct performance hierarchy of  T4 > T6 > T5 > T7 > T_9 > T8 > T2 > T3 > T1 . Treatment  T4  (100% RDF + 5 t/ha FYM) consistently recorded the highest dry matter at all observations, peaking at  248.0  g  m -1   at harvest, followed by  T6  (100% RDF + Nano-Urea) with  236.4  g m-1  . These findings represent a significant improvement over the control ( T1 ) and the standard chemical fertilization ( T2 ), underscoring the efficacy of integrated and nano-technological nutrient management.The superior dry matter accumulation in  T4  is attributed to the synergistic interaction between mineral fertilizers and farmyard manure, which enhances the soil's physical structure and provides a sustained release of nutrients throughout the crop's vegetative and reproductive phases. Furthermore, the impressive performance of Nano-Urea ( T6 ) is likely due to its high surface-to-volume ratio and efficient foliar penetration, which minimizes nutrient losses and ensures higher nitrogen availability during critical growth stages (Dey et al., 2025; Hasan et al., 2024). This enhanced nitrogen use efficiency directly supports higher photosynthetic rates and biomass production (Jayara et al., 2023; Verma et al., 2023). Additionally, the use of NPK Consortia ( T5 ) likely stimulated rhizosphere microbial activity, further aiding nutrient uptake and dry matter partitioning. Overall, the integration of organic and nano-nutrient sources creates a more resilient production system by fostering a biochemically active soil environment and maximizing the crop's physiological potential (Al‐Dossary et al., 2025; Baral et al., 2024).
Table 2: Synergizing effect of Nano-Urea and Organic Manure Periodic on  Dry Matter Accumulation (g  m-1) of Wheat	Comment by Muhammad Khizar Hayat: Remove all the grammatical mistakes from this section as well.
	Tr. No.	Comment by Muhammad Khizar Hayat: Change your tables in a good shape like this.
	Treatment Details
	60 DAS
	90 DAS
	At Harvest

	T1
	Control (No Fertilizer)
	40.0
	135.0
	142.0

	T2
	100% RDF (150:60:40 NPK)
	48.2
	165.8
	185.5

	T3
	75% RDF (112.5:60:40 NPK)
	44.5
	151.4
	168.6

	T4
	100% RDF + FYM (5 t/ha)
	60.0
	210.0
	248.0

	T5
	100% RDF + NPK Consortia (ST)
	54.8
	192.4
	224.2

	T6
	100% RDF + Nano-Urea (2 sprays)
	57.3
	201.2
	236.4

	T7
	75% RDF + FYM (5 t/ha)
	51.4
	183.6
	210.8

	T8
	75% RDF + NPK Consortia (ST)
	46.5
	158.7
	178.4

	T9
	75% RDF + Nano-Urea (2 sprays)
	49.6
	174.5
	196.2

	
	SEm±
	1.85
	6.52
	7.84

	
	CD (P = 0.05)
	5.52
	19.48
	23.42


The Leaf Area Index (LAI) values, representing the green photosynthetic surface area, exhibited a typical bell-shaped growth curve, reaching peak values at 90 DAS across all treatments. The results significantly followed the established hierarchy:  T4 > T6 > T5 > T7 > T_9 > T8 > T2 > T3 > T1 . Treatment  T4  (100% RDF + 5 t/ha FYM) maintained the highest LAI throughout the growth cycle, peaking at 3.20 during the critical grain-filling stage. Notably, the nano-urea integrated treatment ( T6 ) and NPK consortia ( T5 ) maintained higher LAI values than conventional RDF ( T2 ), suggesting delayed leaf senescence and prolonged photosynthetic activity.The superior LAI observed in  T4  is primarily attributed to the "Integrated Nutrient Management" (INM) effect, where the combination of mineral fertilizers and Farm Yard Manure ensures a balanced and sustained supply of nitrogen, which is fundamental for leaf expansion and chlorophyll synthesis (Abrol et al., 2024; Iqbal et al., 2021). The high performance of Nano-Urea ( T6 ) is particularly significant; the small particle size ( <100  nm) and high surface area of nano-fertilizers facilitate more efficient foliar absorption, leading to higher leaf nitrogen content and the maintenance of green leaf area index (GLAI) during reproductive phases (Sneha et al., 2025; Verma et al., 2023).
The sharp decline in LAI recorded at harvest ( 0.44–0.80 ) is a physiological result of natural leaf senescence and the translocation of nutrients from source (leaves) to sink (grains) (Olin et al., 2015; Zaman‐Allah et al., 2015). However, treatments receiving bio-inoculants ( T5, T8 ) and organic manure ( T4, T7 ) showed significantly higher terminal LAI values compared to the control ( T1 ), indicating improved soil biological health and moisture retention that helps the crop withstand late-season environmental stress (Pallavi et al., 2016; Wang et al., 2020).
Table 3: Synergizing effect of Nano-Urea and Organic Manure on Periodic Leaf Area Index (LAI) of Wheat
	Tr. No.
	Treatment Details
	60 DAS
	90 DAS
	At Harvest

	T1
	Control (No Fertilizer)
	2.10
	3.00
	0.44

	T2
	100% RDF (150:60:40 NPK)
	2.55
	3.08
	0.58

	T3
	75% RDF (112.5:60:40 NPK)
	2.34
	3.04
	0.52

	T4
	100% RDF + FYM (5 t/ha)
	3.20
	3.20
	0.80

	T5
	100% RDF + NPK Consortia (ST)
	2.88
	3.15
	0.71

	T6
	100% RDF + Nano-Urea (2 sprays)
	3.04
	3.18
	0.75

	T7
	75% RDF + FYM (5 t/ha)
	2.76
	3.12
	0.67

	T8
	75% RDF + NPK Consortia (ST)
	2.45
	3.06
	0.55

	T9
	75% RDF + Nano-Urea (2 sprays)
	2.62
	3.10
	0.62

	
	SEm±
	0.08
	0.02
	0.03

	
	CD (P = 0.05)
	0.24
	0.06
	0.09


The results presented in Table 3 demonstrate a significant positive response of wheat productivity to integrated nutrient management, with the treatment hierarchy clearly following the order of  T4 > T6 > T5 > T7 > T_9 > T8 > T2 > T3 > T1 . The highest grain yield (6.20 t/ha) and straw yield (7.60 t/ha) were recorded in  T4  (100% RDF + 5 t/ha FYM), representing a 93.75% increase in grain yield over the control ( T1 ). This substantial improvement is attributed to the integration of Farm Yard Manure (FYM), which likely improved the soil’s physical structure and water-holding capacity while ensuring a steady release of nutrients throughout critical growth stages. Notably, the use of Nano-Urea in  T6  (100% RDF + 2 sprays) and  T_9  (75% RDF + 2 sprays) consistently outperformed conventional urea applications, with  T6  achieving a grain yield of 5.72 t/ha. This superiority of nano-fertilizers is due to their high surface-to-volume ratio and better penetration through leaf stomata, leading to enhanced nitrogen use efficiency and reduced environmental losses (Upadhyay, Dey, et al., 2023; Upadhyay, Singh, et al., 2023).	Comment by Muhammad Khizar Hayat: Correct the citation styles
The discussion of these yield attributes underscores the importance of moving beyond purely chemical fertilization. The inclusion of NPK Consortia ( T5  and  T8 ) also showed marked improvements over chemical-only treatments, confirming that microbial inoculants play a vital role in solubilizing fixed nutrients and improving the rhizosphere environment (Bright et al., 2025; Miljakoviæ et al., 2023). Furthermore, the Harvest Index (HI) peaked in  T4  at 44.93%, indicating that a balanced supply of organic and inorganic nutrients optimizes the partitioning of dry matter toward the grains (Gupta et al., 2025; Moreno-Lora et al., 2023). Collectively, these findings suggest that while 100% RDF is essential for baseline productivity, modern technological interventions like Nano-Urea and organic amendments provide the necessary synergy to maximize wheat yields and enhance the overall sustainability of the production system (Kumar et al., 2023; Reddy et al., 2024).
Table 4: Synergizing effect of Nano-Urea and Organic Manure on Yield and Yield Attributes
	Tr. No.
	Grain Yield (t/ha)
	Straw Yield (t/ha)

	T1
	3.20
	4.90

	T2
	4.25
	5.85

	T3
	3.73
	5.38

	T4
	6.20
	7.60

	T5
	5.23
	6.73

	T6
	5.72
	7.17

	T7
	4.98
	6.50

	T8
	4.38
	5.96

	T9
	4.73
	6.28

	
	0.18
	0.19

	
	0.54
	0.57


The Crop Growth Rate (CGR), representing the rate of dry matter production per unit area per unit time, reached its maximum during the 60–90 DAS interval across all nutrient management practices. The values followed the established performance hierarchy:  T4 > T6 > T5 > T7 > T_9 > T8 > T2 > T3 > T1 . Treatment  T4  (100% RDF + 5 t/ha FYM) exhibited the highest CGR at all intervals, peaking at  25.60  g  m-2    day -1   during the 60–90 DAS stage. Notably, the foliar application of Nano-Urea ( T6 ) resulted in a CGR of  24.52  g  m-2  day  -1  , significantly outperforming the conventional 100% RDF treatment ( T2 ) at  20.45 g  m-2    day  -1 . The significant increase in CGR during the 60–90 DAS phase coincides with the peak vegetative and early reproductive stages of wheat, where photosynthetic activity is at its highest (HARENDER et al., 2022). The superior growth rate in  T4  is attributed to the continuous supply of both macro and micronutrients provided by the combination of chemical fertilizers and farmyard manure, which optimizes the leaf area index and solar radiation interception (Harish et al., 2022; Mandal & Sinha, 2004). The enhanced performance of Nano-Urea ( T6 ) suggests that nanoparticles facilitate rapid nitrogen assimilation through the leaves, maintaining high metabolic rates even during the later stages of growth compared to soil-applied urea (Dey et al., 2025; Jangir et al., 2024).
Nitrogen concentration in both grain and straw was significantly influenced by the integrated use of nano and organic inputs. The highest grain nitrogen content ( 1.90 % ) and straw nitrogen content ( 0.60 % ) were recorded in  T4 . Physiological Efficiency (PE), which measures the grain yield increase per unit of nutrient uptake, was also maximum in  T4  ( 42.2 ) followed closely by  T6  ( 38.4 ). These values significantly surpassed the efficiency of the control and standard chemical fertilizer treatments. The elevated nitrogen content in  T4  and  T6  indicates superior nutrient uptake and more efficient translocation from the vegetative "source" to the grain "sink". The high PE recorded in the nano-urea treatments ( T6  and  T_9 ) is particularly noteworthy; it demonstrates the ability of nano-formulations to bypass common soil-based losses (such as leaching and volatilization), allowing for more direct utilization within the plant's metabolic pathways (Kumar et al., 2024; Paul et al., 2024). Furthermore, the use of NPK Consortia ( T5  and  T8 ) likely enhanced nitrogen availability through microbial fixation and solubilization, contributing to the overall physiological efficiency of the crop (Jayara et al., 2023; Shukla et al., 2020).
Figure 1: Effect of different nutrients management strategies on  Crop Growth Rate (CGR g m-2 day-1) at Different Intervals

[image: ]
Table 5: Synergizing effect of Nano-Urea and Organic Manure on Nitrogen Content (%) and Physiological Efficiency (PE)GH. No.
	
	Treatment Details
	Grain N (%)
	Straw N (%)
	Physiological Efficiency (PE)

	T1
	Control (No Fertilizer)
	1.20
	0.18
	0.0

	T2
	100% RDF (150:60:40 NPK)
	1.49
	0.36
	18.5

	T3
	75% RDF (112.5:60:40 NPK)
	1.38
	0.30
	12.4

	T4
	100% RDF + FYM (5 t/ha)
	1.90
	0.60
	42.2

	T5
	100% RDF + NPK Consortia (ST)
	1.74
	0.51
	34.6

	T6
	100% RDF + Nano-Urea (2 sprays)
	1.82
	0.55
	38.4

	T7
	75% RDF + FYM (5 t/ha)
	1.66
	0.46
	29.8

	T8
	75% RDF + NPK Consortia (ST)
	1.54
	0.39
	22.1

	T9
	75% RDF + Nano-Urea (2 sprays)
	1.61
	0.42
	26.5

	
	SEm±
	0.06
	0.03
	2.14

	
	CD (P = 0.05)
	0.18
	0.09
	6.42
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