Impact of Nano-Urea, Potassium Silicate and Micronutrients on Soil Nutrient Dynamics, Productivity and Profitability of Paddy
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Abstract
Objective of the study was to evaluate the effect of nano urea, potassium silicate and micronutrients on soil health, growth, yield and economics of paddy. An experiment was carried out at farmers field Bhaourkhol, Lakhanpur Block of Jharsuguda district, Odisha, India during Kharif and Rabi season of the years 2022-23 and 2023-24. The experiment was laid out in Randomized Block Design with Nine treatments and four replications. The different treatment combinations were, T1- Control, T2- Recommended dose of fertilizer (RDF), T3- Recommended dose of fertilizer (RDF) source of nitrogen through Nano urea, T4- Recommended dose of fertilizer + Potassium Silicate, T5- Recommended dose of fertilizer + Micronutrients, T6- Recommended dose of fertilizer source of nitrogen through Nano urea + Potassium Silicate, T7- Recommended dose of fertilizer source of nitrogen through Nano urea + Micronutrients, T8- Recommended dose of fertilizer + Potassium Silicate + Micronutrients, T9- Recommended dose of fertilizer (RDF) source of nitrogen through Nano urea + Potassium Silicate + Micronutrients. 
Results of the study revealed that the application of recommended dose of fertilizers (RDF) with source of nitrogen through nano urea along with potassium silicate and micronutrients (T9) produced the highest plant height and superior yield attributes during 2022-23. However, during 2023-24, recommended dose of fertilizers (RDF) combined with potassium silicate and micronutrients (T8) performed better in terms of productive tillers hill-1, filled grains panicle-1, and grain yield. Pooled analysis revealed that T8 treatment recorded the highest grain (51.8 q ha⁻¹) and straw yield (64.9 q ha⁻¹). From the pool data it was observed that the Recommended dose of fertilizers (T2) was showed highest available nitrogen (215.6 kg ha-1), phosphorous (18.7 kg ha-1) and potassium (231.7 kg ha-1) content of soil as compare with other treatment. Economic analysis showed that T8 resulted in the highest gross (Rs. 1,02,100/-) and net returns (Rs. 57,600/-), while T5 recorded the maximum cost-benefit ratio (2.30). Overall, based on the two-year sequential cropping study, it is recommended that the application of recommended dose of fertilizers (RDF) along with potassium silicate and micronutrients significantly enhances productivity and profitability in paddy cultivation.
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Introduction:
Paddy is the second most widely consumed cereal crop globally after wheat, is a staple food for two-third of the world’s population. It serves as the main source of nourishment for over half of the global population, particularly in southern Asia/south east Asia, where 90% of the world’s paddy is produced and consumed, given its critical role in national food security, hence, the slogan ‘Paddy is Life’ is most appropriate (Meshram et al., 2024). Furthermore, paddy cultivation serves as the primary source of livelihood for over 200 million households worldwide, establishing it as one of the most crucial crops for humanity (Pedireddy et al., 2024). 
Fertilizers have played a pivotal role in enhancing agricultural production in India since 1960s, coinciding with the introduction of fertilizer-responsive high-yielding crop varieties during the Green Revolution. Although fertilizer application substantially improves crop growth and yield, the importance of these benefits has declined over time due to factors such as reduced fertilizer response ratios, imbalanced nutrient application, and increasing micronutrient deficiencies. In this context, effective fertilizer management has emerged as a critical agronomic practice in modern agriculture, as it significantly influences crop productivity, farm profitability, and long-term soil health.
Paddy requires nitrogen for proper plant growth and yield formation. As soil nitrogen availability is usually low, the use of nitrogen fertilizers is important to achieve higher production. However, in pursuit of stable and higher yields, farmers often apply nitrogen fertilizers in excessive amounts, leading to environmental pollution, energy inefficiency, and reduced production efficiency. For sustainable agricultural systems, improving nitrogen use efficiency (NUE) while reducing nitrogen fertilizer inputs is imperative. Under field conditions, the nitrogen use efficiency of conventional fertilizers hardly exceeds 30-35%, resulting in substantial nutrient losses through volatilization, leaching, and denitrification. Consequently, excessive fertilizer application to meet crop nutrient demand poses significant environmental and ecological risks (Upadhyay et al., 2023). Recently, the introduction of liquid nano-urea fertilizer in India offers a promising alternative to conventional urea, with the potential to enhance nitrogen use efficiency and reduce environmental losses. However, systematic comparative studies evaluating the performance of nano-urea vis-à-vis conventional urea under field conditions are essential to establish its agronomic and economic viability.
Silicon the second most prevalent element in the Earth has emerged as a beneficial element in plant nutrition, extensively investigated under both optimal and stress conditions. Although not classified as an essential nutrient for most crops, silicon has been widely recognized for its role in enhancing plant resilience against biotic and abiotic stresses (Bakhat et al., 2018). Experimental evidence from controlled and field studies indicates that silicon supplementation improves seed germination, and overall plant vigor, while mitigating salinity-induced oxidative and ionic stress (Rady et al., 2019). In paddy cultivation, lodging remains one of the most critical constraints affecting grain yield and harvest efficiency. Silicon accumulation in paddy tissues enhances stem mechanical strength through increased lignification and silica deposition in cell walls, thereby improving culm rigidity and reducing lodging incidence. Furthermore, silicon-enhancement of structural integrity contributes to improved nutrient uptake efficiency and stress tolerance. Importantly, silicon is considered environmentally benign because its use does not leave harmful residues in soil, water, or harvested produce (Sarma et al., 2019). Silicon fertilizers have been applied through soil incorporation as well as foliar sprays, demonstrating agronomic benefits across diverse cropping systems (Othmani et al., 2020). Given these multifunctional roles, silicon supplementation represents a promising strategy for sustainable crop production and climate-resilient Paddy cultivation.
Micronutrient deficiencies in agricultural soils have become increasingly widespread on a global scale, largely driven by intensive cropping systems, continuous nutrient mining, topsoil erosion, and leaching losses (Somani, 2008). The persistent removal of micronutrients without adequate replenishment has led to declining soil fertility and impaired crop nutritional quality. Such deficiencies not only constrain crop productivity but also contribute to hidden hunger and nutritional insecurity, particularly in regions dependent on cereal-based production systems. When micronutrients are lacking, plants are unable to fully utilize the benefits of NPK fertilizer applications. Approximately 50% of the world's soils exhibit micronutrient deficiencies, which severely diminishes both the quantity and quality of food produced, thereby negatively impacting human health, the economic well-being of farmers, and the global environment (Monreal, 2015). Although micronutrients are needed in only small quantities, their proper availability enhances nutrient accessibility and positively influences cell physiology, ultimately affecting crop yields (Thrupthi et al., 2023). Hence the present study was conducted to outline the influence of nano-urea, potassium silicate and micronutrients on soil health, growth, yield and economics of paddy.
Material and Methodology:
Location Details: 
[bookmark: m_-8198675635052945321__Hlk218590701]The research trial was carried out in Bhaourkhol, Lakhanpur Block of Jharsuguda district, Odisha, India. Details of the soil, climate and cropping pattern of study locations are as follows: Lakhanpur tehsil is located between the latitudes of 21° 45' 59.454" N and N 21° 45.9909” N, as well as the longitudes of 83° 46' 12.234" E and 83° 46.2039’ E. This tehsil is located to the west of the district headquarters, Jharsuguda. The district agroecological sub region, agro-climatic region and agro-climatic zone falls under Eastern Plateau (Chhotanagpur) and Eastern Ghats, Hot subhumid eco-region (12.1), Eastern Plateau and hills region (VII) and Western Central Table Land Zone (OR-9), respectively.
The temperature in the district varies from 11°C to 12°C during winter, reaching approximately 40°C in summer. The average annual temperature for Jharsuguda is 26.5°C, and it receives an average annual rainfall of 1362.8 mm. The predominant soil types found in the area include are red and yellow soil, red and black soil and laterite soil. The primary crop cultivated in the Lakhanpur block is paddy. During the Kharif season, crops such as paddy, black gram, maize, groundnut, tomato, pointed gourd, brinjal and cowpea are grown. In the Rabi season, paddy, mung bean, mustard, sesamum, tomato, brinjal, radish and bitter gourd are cultivated.
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Figure 1: Location Map of Study Area (Lakhanpur)
Study details: 
Well Levelled and single cropped plot was selected for experimentation to ensure uniformity and minimize variability. Selected experimental plot was uniform in soil texture, soil depth, soil colour, soil fertility and crop growth. The experiment was conducted during the Kharif and Rabi seasons of 2023-24 and 2024-25. The locally adapted paddy cultivar Swarna (Oryza sativa L.) was selected as test crop. Swarna is widely cultivated due to its resistance to bacterial leaf blight, moderate lodging tolerance, satisfactory early seedling vigor, The cultivar is also characterized by relatively high nitrogen and phosphorus use efficiency, making it suitable for nutrient management studies under diverse agro-ecological conditions. This variety has been widely adopted by farmers due to its high yield potential under low-input management conditions (Mohapatra et al., 2021). 
	The field experiment was laid out in a Randomized Block Design (RBD) comprising nine treatments. The study was conducted at Bhaurkhola village, Lakhanpur Block, Jharsuguda district, Odisha, involving four participating farmers, with one replication maintained at each farmer’s field. Each treatment was imposed on a 5 m × 5 m plot, and a buffer distance of 0.5 m was maintained between adjacent treatments and replications to minimize treatment interference. Paddy seedlings were transplanted at a spacing of 25 cm × 25 cm to ensure uniform plant population. The recommended dose of fertilizers (RDF) for paddy, i.e., 80:40:40 kg N:P₂O₅:K₂O ha⁻¹, as prescribed by the Odisha University of Agriculture and Technology, was adopted as the baseline nutrient management practice. Soils of the proposed experimental plot was low in available nitrogen content of soils, 150 % dose of nitrogen i.e. 120 kg ha-1 of nitrogen was applied to soil application treatments only.
The treatment details are as follows: T1- Control, T2- Recommended dose of fertilizer (RDF), T3- Recommended dose of fertilizer (RDF) source of nitrogen through Nano urea, T4- Recommended dose of fertilizer + Potassium Silicate, T5- Recommended dose of fertilizer + Micronutrients, T6- Recommended dose of fertilizer source of nitrogen through Nano urea + Potassium Silicate, T7- Recommended dose of fertilizer source of nitrogen through Nano urea + Micronutrients, T8- Recommended dose of fertilizer + Potassium Silicate + Micronutrients, T9- Recommended dose of fertilizer (RDF) source of nitrogen through Nano urea + Potassium Silicate + Micronutrients. Twenty-five days old seedlings were transplanted at a spacing of 25 x 25 cm at the rate of three paddy seedlings hill-1. The recommended dose of FYM (10 t ha-1) was applied at the time of land preparation to all treatments. Entire dose of phosphorus (40 kg P2O5 ha-1) and potassium (40 kg P2O5 ha-1) was applied as a basal application 10 days after transplanting. For treatment T2, T4, T5 and T8 nitrogen was applied through soil at 120 kg ha-1 in three split doses: 50% at 10 after transplanting, 25% at Tillering and 25% at Panicle Initiation stage. Nano urea was applied at 2.5 ml per litter water (400 times diluted) at 10 days after transplanting, Tillering and panicle Initiation stage to the treatment T3, T6, T7 and T9. Potassium silicate was applied two times at tillering and panicle initiation stage at 2.5 ml per litter water (400 times diluted) through foliar spray. Micronutrient was applied as a basal application at 25 kg ha-1. All plant protection measure was taken as per the recommendation in paddy crop. Growth and yield data was recorded in every season of both the years. For soil analysis, initial soil samples were collected before land preparation and FYM application of year one and after harvest soil sample was collected after harvest of Rabi paddy of both the years.
Analysis details: `
Five hills were randomly selected and tagged from each treatment plot for recording growth and yield parameters. Number of productive tillers hill-1 was measured at the time of harvest. Plant height and panicle length of the paddy was measured at harvest stage with the help of a scale in centimetre. Same panicles were used to count the number of filled grains panicle-1. Treatments, wise harvested grains were separated and sun dried for 2 days to attain uniform moisture content and measured through weighing balance as kg plot-1. Similarly, sun-dried paddy straw from each plot was weighed and expressed as straw yield (kg plot⁻¹). Grain and straw yields were subsequently converted into quintals per hectare (q ha⁻¹) for comparative analysis.
For economic evaluation, all treatment-wise input costs incurred during the experimental period were systematically recorded and the total cost of cultivation (Rs. ha⁻¹) was calculated. The gross returns (Rs. ha⁻¹) was calculated by using pool data of grain and straw yield. Treatment wise net returns (Rs. ha⁻¹) was calculated by deducting the cost of cultivation from gross returns. Cost-benefit ratio (C:B) ratio were computed by dividing the total gross income by the total cost of cultivation.
Treatment wise soil samples were collected from 0-15 cm layer. The soil samples were air-dried, ground (< 2 mm) and analysed for chemical and fertility parameters. The pH (1:2.5) of soils was measured using standard procedures as described by Jackson (1973). Organic carbon (OC) was determined using the Walkley-Black method (Nelson and Sommers, 1996). Available nitrogen (N) was estimated by modified alkaline permanganate method (Sahrawat and Burford,1982). Available phosphorous of the acid soils was determined by Brays No. 1 method as outlined by Bray and Kurtz (1945). Available potassium (K) was determined using the ammonium acetate method (Helmke and Sparks, 1996). The data of the field experiment were examined through the analysis of variance (ANOVA) method to assess the variations among the treatments, with the means being distinguished by the critical difference (CD) test at a significance level of 5% (Gomez and Gomez, 1984).
Result and Discussions:
Effect on Plant height (cm):
The balanced nutrition through various sources demonstrated the notable variations in the height of paddy (Table 1). The significantly highest plant height (91.0 cm, 91.7 cm, 89.6 cm and 88.1 cm in the Kharif 2022-23, Rabi 2022-23, Kharif 2023-24 and Rabi 2023-24 respectively) was achieved with the application of recommended dose of fertilizers (RDF) nitrogen through nano urea along with potassium silicate and micronutrient. The minimum plant height (69.1 cm, 66.7 cm, 65.5 cm and 68.1 cm during the Kharif 2022-23, Rabi 2022-23, Kharif 2023-24 and Rabi 2023-24 respectively) was noticed in control treatment.
The impact of foliar application of nano urea on the enhancement of plant height may be attributed to the efficient absorption of nutrients facilitated by its nano-sized nitrogen particles, which possess a greater surface area compared to conventional urea prills. Nano urea can readily penetrate through the stomata and other openings, allowing for assimilation by plant cells. Furthermore, it is effectively transported through the phloem from the source to the sink within the plant according to its nutritional needs. Any surplus nitrogen is stored in the plant vacuole and is gradually released to support optimal growth and development. In a similar vein, Hashem (2019) indicated that the foliar application of NPK at various growth stages may have contributed to increased plant height, as the provision of excess nutrients to paddy can promote cell elongation and enhance the photosynthetic rate. From the study observed that the use of potassium silicate resulted in an increase in plant height compared to the absence of potassium silicate. This may be attributed to the role of silicon in promoting leaf erectness, which in turn enhances photosynthetic capacity which results in higher plant height (Mrudhula and Krishna, 2020).
Effect on number of productive tillers hill-1:
The number of productive tillers hill-1, one of the principal yield components in paddy, is summarized in Table 1. The number of productive tillers hill-1 exhibited considerable variation across treatments and seasons. During Kharif 2022-23, values ranged from 7.3 to 12.1, whereas in Rabi 2022-23, they varied between 6.4 and 10.8. In Kharif 2023-24, the number of productive tillers hill⁻¹ ranged from 9.9 to 12.6, while in Rabi 2023-24, it varied from 6.7 to 10.4.
Among the various treatments, T₉ [recommended dose of fertilizers (RDF) with nitrogen supplied through nano-urea along with potassium silicate and micronutrients] recorded a significantly higher number of productive tillers hill-1 (12.1) during Kharif 2022–23. However, during Rabi 2022–23, Kharif 2023–24, and Rabi 2023–24, T₈ (RDF combined with potassium silicate and micronutrients) recorded the highest number of productive tillers hill-1, with corresponding values of 10.8, 12.6, and 10.4, respectively. The lowest number of productive tillers hill⁻¹ was consistently observed under T₁ (control) across all seasons.
The number of productive tillers hill-1 may be attributed to an adequate supply of nitrogen provided by nano urea during a crucial growth phase. This consistent nitrogen availability likely facilitated ongoing meristematic activity and promoted cell elongation in the plants, ultimately resulting in an increased number of productive tillers hill-1. From the second-year data and pool data observed that application of nano urea reduces the number of productive tillers hill-1 as compare with soil application might be due to continuous application of nano urea increases the uptake of nitrogen from soil and create the deficiency of nitrogen in soil which affects the conversion rate of tillers into productive tillers. Comparable findings were reported by Bhargavi and Sundari (2023) and Jadhav et al., (2025).
Effect on Panicle Length (cm):
As presented in Table 2, panicle length of paddy varied significantly in response to different nutrient management treatments across seasons. The panicle length ranged from 17.1 to 26.3 cm during Kharif 2022-23, 19.4 to 26.6 cm during Rabi 2022-23, 17.8 to 27.8 cm during Kharif 2023-24, and 18.7 to 25.4 cm during Rabi 2023-24.
Among the treatments, the application of the recommended dose of fertilizers (RDF) with nitrogen supplied through nano-urea along with potassium silicate and micronutrients recorded a significantly greater panicle length compared to other treatments. The minimum panicle length was consistently observed under the control treatment (no nutrient application).
The increase in panicle length observed under nano urea treatments may be attributed to its application at three critical growth stages of paddy, including the panicle initiation stage. Adequate nitrogen supply during these stages is essential for panicle differentiation and elongation. In paddy, nitrogen is predominantly absorbed in the inorganic forms of ammonium (NH4+) and nitrate (NO3-). In conventional urea fertilizer, nitrogen is present in the amide (-NH2) form, which cannot be directly absorbed by the crop. Following soil application, urea must first undergo hydrolysis and subsequent microbial transformations to convert into ammoniacal and nitrate forms. These processes require time and are influenced by soil microbial activity, temperature, moisture, and other environmental factors. Thereby reducing nitrogen availability in plat at panicle initiation stage. In contrast, foliar application of nano urea enables more rapid and efficient nitrogen uptake through the leaf surface and stomata. The nano-sized particles facilitate improved penetration and assimilation, leading to enhanced nitrogen use efficiency. This ensures timely nitrogen availability during panicle initiation, thereby promoting improved cell division, elongation, and ultimately increased panicle length.
 The enhancement in panicle length with potassium silicate application may be attributed to the role of silicon in improving nutrient uptake and translocation, strengthening plant structural integrity, and enhancing metabolic efficiency. Silicon has been reported to facilitate the absorption and utilization of essential nutrients, thereby supporting reproductive growth and panicle development (Shah et al., 2022).
Effect on number of filled grains panical-1:
The number of filled grains panicle-1, a fundamental yield-determining trait in paddy, was significantly influenced by the different nutrient management treatments (Table 2). The data revealed a marked improvement in filled grains panicle-1 with the application of the recommended dose of fertilizers (RDF) supplemented with potassium silicate and micronutrients.
The highest number of filled grains panicle-1 (148.6 and 137.9 during Kharif and Rabi 2022-23, respectively) was recorded under T₉, comprising the recommended dose of fertilizers (RDF) with nitrogen supplied through nano-urea along with potassium silicate and micronutrients. This treatment was significantly superior to the other treatments during the first year of experimentation. However, during 2023-24, the application of RDF with nitrogen supplied through conventional urea in combination with potassium silicate and micronutrients produced the maximum number of filled grains panicle-1, attaining 142.1 and 139.1 during Kharif and Rabi, respectively. The minimum number of filled grains panicle⁻¹ was consistently observed under the control treatment. Pooled analysis across seasons indicated that RDF with nitrogen supplied through conventional urea along with potassium silicate and micronutrients resulted in the highest number of filled grains panicle-1.
The higher number of filled grains panicle-1 observed under soil application of urea may be attributed to sustained nitrogen availability throughout critical growth stages of paddy crop. Continuous nitrogen supply enhances chlorophyll synthesis, photosynthetic rate, and assimilate production, thereby improving the translocation of photosynthates from source (leaves and stem reserves) to sink (developing grains). Adequate and timely nitrogen availability during panicle initiation and grain filling stages promotes spikelet differentiation, grain formation, and spikelet fertility, ultimately increasing the number of filled grains panicle⁻¹.
Micronutrients also play a pivotal role in enzymatic activation, carbohydrate metabolism, and assimilate translocation within the plant system. Their involvement in physiological processes related to pollen viability, fertilization, and grain setting contributes to improved spikelet filling and a higher number of filled grains panicle⁻¹ (Islam et al., 2018).
Furthermore, split application of urea through soil ensures better synchronization between nitrogen supply and crop demand across different phenological stages. This practice minimizes nitrogen losses and enhances nitrogen recovery efficiency, leading to improved canopy development, greater interception of photosynthetically active radiation (PAR), and enhanced photosynthetic efficiency. Collectively, these factors contribute to superior grain filling and increased sink strength in paddy.
Effect on Grain Yield (q ha-1):
Table 3 revealed significant variation in grain yield of paddy in response to the application of nano-urea, potassium silicate, and micronutrients across seasons. Grain yield ranged from 29.7 to 57.6 q ha-1 during Kharif 2022-23, 24.5 to 47.2 q ha-1 during Rabi 2022-23, 30.2 to 57.3 q ha-1 during Kharif 2023-24, and 23.9 to 46.3 q ha-1 during Rabi 2023-24.
During 2022-23, the highest grain yield was recorded under T₉ (RDF with nitrogen supplied through nano-urea along with potassium silicate and micronutrients), producing 57.6 and 47.2 q ha-1 during Kharif and Rabi, respectively, which was significantly superior to the other treatments. However, in the year 2023-24, T₈ (RDF with conventional urea along with potassium silicate and micronutrients) resulted in the highest grain yield, recording 57.3 and 46.3 q ha-1 during Kharif and Rabi, respectively. The lowest grain yield was consistently observed under the control treatment (T₁) across both years and seasons. Pooled analysis over two years indicated that T₈ recorded the highest mean grain yield (51.8 q ha-1).
A comparative assessment of T₈ and T₉ treatments revealed a gradual decline in yield under nano-urea substitution relative to conventional urea in combination with potassium silicate and micronutrients. This trend may be attributed to the possibility that nano-urea alone did not fully meet the crop’s total nitrogen requirement, particularly during peak demand stages such as tillering, panicle initiation and grain filling stage. Insufficient nitrogen availability during critical growth phases could have limited biomass accumulation, sink development, and grain filling, thereby adversely affecting final yield. Nitrogen fertilization plays a pivotal role in enhancing paddy yield by stimulating vegetative growth, canopy expansion, and metabolic activities, particularly photosynthesis. Improved nitrogen availability enhances chlorophyll synthesis and enzymatic activity, leading to greater assimilate production and efficient translocation of photosynthates to economically important sink as developing panicles and grains (Jadhav et al., 2025).
In the first year of experimentation, the application of nano-urea in combination with potassium silicate and micronutrients (T₉) resulted in the highest grain yield, which corresponded with a greater number of productive tillers hill-1. Enhanced tillering likely increased sink capacity, thereby contributed to superior yield performance. However, during the second year and in pooled analysis, the treatment comprising conventional urea along with potassium silicate and micronutrients (T₈) recorded the highest grain yield. This superior performance was associated with improved yield attributes, including a higher number of productive tillers hill-1 and filled grains panicle-1.
The comparatively lower yield under continued nano-urea application in the subsequent year may be attributed to insufficient replenishment of soil nitrogen reserves. While foliar nano-urea enhances nitrogen use efficiency through targeted delivery, it may not fully substitute for basal soil-applied nitrogen required to meet peak crop demand during critical growth stages. Continuous reliance on foliar nano-urea without adequate soil nitrogen supplementation could reduce soil nitrogen availability over time, ultimately constraining biomass accumulation and grain filling. 
The beneficial effects of potassium silicate on grain yield may be attributed to the multifaceted role of silicon in paddy physiology. Silicon deposition in plant tissues strengthens structure, reduces lodging, lowers spikelet sterility, enhances photosynthetic efficiency, and improves resistance to biotic and abiotic stresses (Shah et al., 2022). Additionally, silicon reduces transpiration losses and mitigates pest and disease incidence, thereby contributing to improved yield stability.
Micronutrients such as zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), and boron (B) are essential for enzymatic activation, hormone regulation, reproductive development, and carbohydrate metabolism. Their adequate supply enhances flower initiation, pollen viability, grain setting, and assimilates translocation. Improved micronutrient nutrition supports the synthesis of vital organic compounds including starch, proteins, and lipids which are fundamental for cell division, grain development, and overall productivity of paddy.
Effect on Straw Yield (q ha-1):
Significant variation in straw yield of paddy was observed across both growing seasons of 2022-23 and 2023-24 (Table 3). During 2022-23, T₉ (RDF with nitrogen supplied through nano-urea along with potassium silicate and micronutrients) recorded significantly higher straw yield, producing 72.5 and 62.1 q ha-1 during Kharif and Rabi, respectively, compared to the other treatments. In contrast, during 2023-24, T₈ (RDF with conventional urea along with potassium silicate and micronutrients) resulted in the highest straw yield, recording 72.3 and 55.1 q ha-1 during Kharif and Rabi, respectively. The lowest straw yield was consistently observed under the control treatment (T₁). Pooled analysis over both years indicated that T₈ produced the highest mean straw yield (64.9 q ha-1), whereas the lowest straw yield (32.4 q ha-1) was recorded under T₁.
The enhanced straw yield observed under the superior treatments can be attributed to increased plant height and a higher number of productive tillers hill-1, which collectively contributed to greater biomass accumulation. Improved nitrogen availability likely promoted vigorous vegetative growth, enhanced leaf area development, and sustained photosynthetic activity, thereby increasing total above-ground dry matter production. The improvement in straw yield with silicon application may be associated with its role in regulating stomatal conductance, enhancing photosynthetic efficiency, and improving water use efficiency. Silicon deposition in plant tissues strengthens cell walls, maintains leaf erectness, and improves light interception, ultimately facilitating higher biomass production. Additionally, silicon-mediated stress mitigation reduces physiological constraints, enabling better vegetative growth and increased straw yield (Shah et al., 2022).
Soil properties:
Available Nitrogen:
The available nitrogen status of soil ranges from 195.2 to 221.0 kg ha-1 during the year 2022-23, 184.5 to 210.2 kg ha-1 during 2023-24 and 189.9 to 215.6 kg ha-1 in the pool data (Table 4). From the results, it was observed that the continuous cultivation of paddy in consecutive seasons and consecutive year reduces the nitrogen content of soil. From the pool data, it was observed that the application of recommended dose of fertilizer showed highest nitrogen content (215.6 kg ha-1) in soil as compare with other treatments and lowest (189.9 kg ha-1) was observed in treatment T9 comprising of application of recommended dose of fertilizers source of nitrogen through nano urea along with potassium silicate and micronutrients. Treatment T2 showed highest nitrogen content in both the years as compare with other treatments might be due to less grain and straw yield as well as low nutrient uptake as compare with other treatments except control treatment. Application of recommended dose of nitrogen through soil increased the nutrient content in soil which balance the nutrient removal from soil. 
Treatment T₉ recorded the lowest available soil nitrogen content compared to the other treatments. This reduction may be attributed to the rapid absorption of nitrogen supplied through nano-urea, which likely satisfied the immediate nitrogen demand of the crop. Consequently, to meet subsequent growth requirements, the plants may have relied more extensively on native soil nitrogen reserves, leading to greater nitrogen uptake from the soil and a corresponding decline in residual available nitrogen.
The present findings are consistent with the reports of Subramani et al. (2023) and Yashaswani et al. (2025), who also documented variations in residual soil nitrogen under nano-urea-based nutrient management strategies. Similarly, Challa et al. (2025), in a study evaluating the impact of nano-urea and nitrogen optimization on growth and nutrient uptake in chickpea, observed that the application of 50% recommended nitrogen along with the full recommended doses of phosphorus and potassium, supplemented with two foliar sprays of nano-urea at flowering and pod formation stages, resulted in lower residual soil nitrogen compared to the 100% recommended dose of fertilizers. 
These findings suggest that nano-urea application may enhance plant nitrogen uptake efficiency, thereby reducing the accumulation of residual available nitrogen in the soil. Improved synchronization between nitrogen supply and crop demand could lead to more efficient nitrogen utilization and reduced nitrogen losses.
Available Phosphorous (P2O5):
As noticed in Table 4, the available phosphorus (P) status of the soil after harvest of the paddy crop was significantly influenced by the different nutrient management treatments. The highest available soil P was recorded under T₂ (recommended dose of fertilizers), registering 18.9 and 18.5 kg ha-1 during 2022-23 and 2023-24, respectively. In contrast, the lowest available soil P (16.0 and 14.9 kg ha-1 during 2022-23 and 2023-24, respectively) was observed under T₈ (RDF along with potassium silicate and micronutrients).
The reduction in residual soil phosphorus under T₈ may be attributed to enhanced crop uptake driven by improved plant growth and higher grain and straw yields recorded under this treatment. Increased biomass production and superior yield attributes likely resulted in greater phosphorus extraction from the soil, thereby lowering post-harvest available P levels. The pooled data further supported this trend, as treatments with higher productivity corresponded with relatively lower residual phosphorus content.
These findings are consistent with the observations of Katre et al. (2024), who reported significantly higher available soil phosphorus when 100% nitrogen was supplied through conventional urea in transplanted paddy. Similar trends have also been documented by Meshram et al. (2024) and Yashaswani et al. (2025), indicating that enhanced crop growth and nutrient uptake under optimized nitrogen management can influence residual soil phosphorus dynamics.
Available Potassium (K2O):
The results pertaining to the effect of nano urea, potassium silicate, and micronutrients on soil available potassium are presented in Table 4. The application of the recommended dose of fertilizers (T₂) recorded significantly higher available potassium in soil (230.5 and 232.9 kg ha-1 during 2022-23 and 2023-24, respectively. The lowest available potassium (212.9 and 198.6 kg ha⁻¹ during 2022-23 and 2023-24, respectively was observed under the control treatment.
These findings are consistent with those reported by Katre et al. (2024), Meshram et al. (2024), and Yashaswani et al. (2025), who also observed higher available potassium under recommended fertilizer application practices. The increased availability of potassium may be attributed to the synergistic effect of urea on potassium dynamics in soil. Application of urea can enhance extractable potassium either by reducing potassium fixation through competition of NH₄⁺ ions for fixation sites or by causing slight soil acidification, both of which contribute to improved potassium availability.
Economics of Paddy:
Table 5 presents the data on the effect of nano urea, potassium silicate, and micronutrients on cost of cultivation, gross returns, net returns, and the cost-benefit (C:B) ratio as influenced by different treatment combinations. Among the treatments, T₉ (application of nano urea, potassium silicate, and micronutrients) recorded the highest cost of cultivation (Rs 45,500 ha-1), whereas the lowest cost of cultivation (Rs 30,250 ha-1) was observed in the control treatment (T₁). The higher cost under T₉ was mainly due to the additional input expenses incurred for nano urea, potassium silicate, and micronutrients.
However, the increased cost of cultivation was compensated by higher productivity and economic returns under integrated nutrient treatments. The treatment T₈ (application of recommended dose of fertilizers along with potassium silicate and micronutrients) recorded the highest gross returns (Rs. 1,02,100 ha-1) and net returns (Rs. 57,600 ha-1) compared to other treatments. In contrast, the control treatment recorded the lowest gross returns (Rs. 53,650 ha-1) and net returns (Rs. 23,400 ha-1). The highest cost-benefit ratio (2.30) was observed in T₅ (recommended dose of fertilizers along with micronutrients), indicating greater economic efficiency of this treatment, while the lowest C:B ratio (1.77) was recorded under the control treatment. Overall, integrated nutrient management practices proved to be more economically viable than the control.
Conclusion:
The results of the two-year paddy–paddy cropping sequence clearly indicate that balanced nutrient management significantly enhances growth, yield attributes, overall productivity, soil fertility status, and profitability of paddy cultivation. Based on pooled analysis, the application of the recommended dose of fertilizers along with potassium silicate and micronutrients (T₈) emerged as the most effective and economically viable treatment. Although the application of nano urea in combination with potassium silicate and micronutrients (T₉) improved growth parameters and showed promising performance during the first year, it did not consistently sustain higher grain yields compared to the conventional RDF treatment. This may be attributed to the incomplete fulfilment of crop nitrogen requirement through nano urea alone. Therefore, for achieving sustained productivity, balanced nutrient supply, higher economic returns, and maintenance of soil fertility under similar agro-climatic conditions, the application of RDF along with potassium silicate and micronutrients is recommended for paddy cultivation. The findings further suggest that nano urea can be used as a supplementary source of nitrogen; however, it cannot fully replace soil-applied nitrogen in attaining optimum yield levels in paddy.
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Abbreviations:
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	Full form of abbreviations
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	Per Hill

	panicle-1
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	q ha⁻¹
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	Rupees

	%
	Per cent

	et al.
	and co-workers

	NUE
	Nitrogen Use Efficiency

	NPK
	Nitrogen, Phosphorous, Potash

	mm
	millimetre

	0C
	Degree Celsius 

	m
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	cm
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	i.e.
	That is

	FYM
	Farm Yard Manure

	P2O5
	Diphosphorus Pentoxides

	K2O
	Potassium Oxide

	ml
	millilitre

	Kg plot-1
	Kg per plot

	Rs. ha-1
	Rupees per hectare

	<
	Less than
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Table 1: Effect of nano urea, potassium silicate and micronutrient on height and Number of productive tillers Hill-1 of paddy
	Treatments
	Height of Paddy (cm)
	[bookmark: _Hlk218115217]Number of productive tillers Hill-1

	
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool

	T1 – Control
	69.1
	66.7
	65.5
	68.1
	67.3
	7.3
	6.4
	9.9
	6.7
	7.6

	T2 - Recommended dose of fertilizer (RDF)
	81.2
	80.3
	82.9
	78.8
	80.8
	10.4
	9.6
	11.1
	9.0
	10.0

	T3 - Recommended dose of fertilizer (RDF) nitrogen through nano urea
	85.9
	83.5
	84.2
	82.0
	83.9
	10.7
	9.6
	10.6
	8.7
	9.9

	T4 - T2 + potassium silicate
	81.7
	82.4
	81.1
	80.6
	81.4
	11.4
	10.4
	12.1
	9.6
	10.9

	T5 - T2 + micronutrients
	80.9
	82.7
	83.5
	79.9
	81.7
	11.7
	10.7
	12.5
	10.1
	11.3

	T6 - T3 + potassium silicate
	86.3
	83.8
	84.7
	82.0
	84.2
	11.6
	10.3
	11.5
	8.9
	10.6

	T7 - T3 + micronutrients
	86.2
	89.9
	87.1
	87.8
	87.7
	11.8
	10.6
	11.7
	8.9
	10.8

	T8 - T2 + potassium silicate + micronutrients
	86.6
	87.4
	87.7
	87.2
	87.2
	12.0
	10.8
	12.6
	10.4
	11.5

	T9 - T3 + potassium silicate + micronutrients
	91.0
	91.7
	89.6
	88.1
	90.1
	12.1
	10.7
	12.5
	9.9
	11.3

	CD at 5 %
	5.1
	6.4
	4.3
	5.6
	
	1.1
	0.8
	0.9
	0.6
	















Table 2: Effect of nano urea, potassium silicate and micronutrient on Panicle Length and Number of productive grains panicle-1 of paddy
	Treatments
	[bookmark: _Hlk218115243]Panicle Length (cm)
	Number of filled grains panicle-1

	
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool

	T1 – Control
	17.1
	19.4
	17.8
	18.7
	18.3
	127.1
	119.6
	95.3
	111.5
	113.4

	T2 - Recommended dose of fertilizer (RDF)
	20.8
	21.9
	20.2
	19.2
	20.5
	134.9
	126.3
	131.5
	129.2
	130.5

	T3 - Recommended dose of fertilizer (RDF) nitrogen through nano urea
	23.9
	22.8
	22.3
	21.3
	22.6
	133.8
	124.7
	131.2
	127.9
	129.4

	T4 - T2 + potassium silicate
	21.1
	20.7
	21.6
	20.4
	21.0
	137.3
	127.7
	135.1
	130.5
	132.7

	T5 - T2 + micronutrients
	20.6
	22.3
	21.8
	19.9
	21.2
	139.7
	129.7
	138.0
	132.7
	135.0

	T6 - T3 + potassium silicate
	24.2
	23.1
	22.5
	21.3
	22.8
	139.0
	129.9
	137.8
	132.6
	134.8

	T7 - T3 + micronutrients
	24.1
	24.7
	26.6
	25.2
	25.2
	142.5
	132.4
	136.5
	134.8
	136.6

	T8 - T2 + potassium silicate + micronutrients
	24.4
	25.1
	24.9
	24.8
	24.8
	146.9
	136.0
	142.1
	139.1
	141.0

	T9 - T3 + potassium silicate + micronutrients
	26.3
	26.6
	27.8
	25.4
	26.7
	148.6
	137.9
	134.9
	135.3
	139.2

	CD at 5 %
	1.9
	1.2
	2.2
	1.4
	
	6.8
	8.1
	7.3
	6.4
	








Table 3: Effect of nano urea, potassium silicate and micronutrient on grain yield and straw yield of paddy
	Treatments
	Grain Yield of Paddy (q ha-1)
	Straw Yield of Paddy (q ha-1)

	
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool
	Kharif, 2023
	Rabi, 2023
	Kharif, 2024
	Rabi, 2024
	Pool

	T1 – Control
	29.7
	24.5
	30.2
	23.9
	27.1
	36.2
	29.4
	36.1
	28.0
	32.4

	T2 - Recommended dose of fertilizer (RDF)
	44.9
	38.8
	46.7
	37.2
	41.9
	55.4
	47.9
	57.6
	44.6
	51.4

	T3 - Recommended dose of fertilizer (RDF) nitrogen through nano urea
	45.8
	38.3
	44.5
	35.6
	41.1
	58.9
	49.4
	57.1
	44.9
	52.6

	T4 - T2 + potassium silicate
	50.1
	42.5
	52.3
	40.1
	46.3
	62.8
	53.1
	65.3
	48.8
	57.5

	T5 - T2 + micronutrients
	52.3
	44.4
	55.2
	41.9
	48.7
	65.4
	55.4
	69.5
	50.7
	60.3

	T6 - T3 + potassium silicate
	51.6
	42.8
	50.7
	37.8
	45.7
	67.2
	55.9
	65.8
	46.4
	58.8

	T7 - T3 + micronutrients
	53.8
	44.9
	51.1
	38.4
	47.1
	70.5
	58.2
	67.5
	47.6
	61.0

	T8 - T2 + potassium silicate + micronutrients
	56.4
	47.0
	57.3
	46.3
	51.8
	71.8
	60.3
	72.3
	55.1
	64.9

	T9 - T3 + potassium silicate + micronutrients
	57.6
	47.2
	53.7
	43.1
	50.4
	72.5
	62.1
	71.8
	51.3
	64.4

	CD at 5 %
	4.3
	4.5
	3.2
	4.0
	
	5.1
	4.6
	3.4
	4.2
	












Table 4: Effect of nano urea, potassium silicate and micronutrient on Soil Health under paddy
	Treatments
	Available N (kg ha-1)
	Available P2O5 (kg ha-1)
	Available K2O (kg ha-1)

	
	Year-1
	Year-2
	Pool
	Year-1
	Year-2
	Pool
	Year-1
	Year-2
	Pool

	T1 – Control
	201.5
	190.7
	196.1
	17.1
	16.8
	17.0
	212.9
	198.6
	205.8

	T2 - Recommended dose of fertilizer (RDF)
	221.0
	210.2
	215.6
	18.9
	18.5
	18.7
	230.5
	232.9
	231.7

	T3 - Recommended dose of fertilizer (RDF) nitrogen through nano urea
	204.8
	193.9
	199.3
	18.7
	18.1
	18.4
	226.2
	228.3
	227.2

	T4 - T2 + potassium silicate
	217.8
	206.9
	212.3
	17.6
	15.9
	16.7
	227.6
	223.9
	225.8

	T5 - T2 + micronutrients
	214.5
	203.7
	209.1
	17.0
	15.3
	16.2
	224.8
	221.6
	223.2

	T6 - T3 + potassium silicate
	201.5
	190.7
	196.1
	17.4
	17.0
	17.2
	225.2
	223.0
	224.1

	T7 - T3 + micronutrients
	198.3
	187.4
	192.8
	16.7
	16.4
	16.6
	222.7
	119.4
	171.0

	T8 - T2 + potassium silicate + micronutrients
	208.0
	197.2
	202.6
	16.0
	14.9
	15.4
	218.3
	213.8
	216.0

	T9 - T3 + potassium silicate + micronutrients
	195.2
	184.5
	189.9
	16.3
	15.4
	15.8
	220.7
	217.0
	218.9

	CD at 5 %
	6.3
	8.2
	
	0.9
	1.2
	
	10.4
	7.6
	













Table 5: Effect of nano urea, potassium silicate and micronutrient on economics of paddy
	Treatments
	Cost of Cultivation (Rs. Ha-1)
	Gross Returns (Rs. Ha-1)
	Net Returns 
(Rs. Ha-1)
	C:B ratio

	T1 – Control
	      30,250 
	         53,650 
	      23,400 
	1.77

	T2 - Recommended dose of fertilizer (RDF)
	      38,000 
	         83,300 
	      45,300 
	2.19

	T3 - Recommended dose of fertilizer (RDF) nitrogen through nano urea
	      39,625 
	         81,600 
	      41,975 
	2.06

	T4 - T2 + potassium silicate
	      41,000 
	         92,000 
	      51,000 
	2.24

	T5 - T2 + micronutrients
	      41,625 
	         95,900 
	      54,275 
	2.30

	T6 - T3 + potassium silicate
	      42,375 
	         90,450 
	      48,075 
	2.13

	T7 - T3 + micronutrients
	      43,000 
	         93,100 
	      50,100 
	2.17

	T8 - T2 + potassium silicate + micronutrients
	      44,500 
	      1,02,100 
	      57,600 
	2.29

	T9 - T3 + potassium silicate + micronutrients
	      45,500 
	         96,950 
	      51,450 
	2.13
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