


Enhancing Yield and Economic Returns in Blackgram Through Sustainable Phosphorus Management with Nano-DAP


Abstract
A field experiment was conducted during the kharif season of 2023 at the Research Farm, College of Agriculture, OUAT, Bhawanipatna, to evaluate the effects of nano-DAP in combination with conventional phosphorus fertilization on growth, yield, and economic returns of blackgram (Vigna mungo L.). The study was laid out in a randomized complete block design with three replications, comprising eight treatments: T1—control; T2—100% RDF (20:40:20 N:P₂O₅:K₂O kg/ha); T3—75% RD P₂O₅ through DAP + nano-DAP spray at 25 DAS; T4—50% RD P₂O₅ through DAP + nano-DAP sprays at 25 and 40 DAS; T5—25% RD P₂O₅ through DAP + nano-DAP sprays at 25, 40, and 55 DAS; T6—75% RD P₂O₅ + seed treatment with nano-DAP; T7—50% RD P₂O₅ + seed treatment + nano-DAP spray at 25 DAS; and T8—25% RD P₂O₅ + seed treatment + nano-DAP sprays at 25 and 40 DAS. These findings demonstrate that nano-DAP can partially substitute conventional phosphorus fertilization, maintaining high productivity and economic returns, and offer a sustainable nutrient management strategy for P-deficient or P-fixing soils in blackgram cultivation.
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1. Introduction
Blackgram (Vigna mungo L.) is a nutritionally dense pulse crop of major dietary and economic importance in South Asia, particularly India (Nasir et al., 2022). It provides a rich source of plant-based protein (24–26%), carbohydrates, essential amino acids, minerals, and vitamins, making it a critical component of diets in predominantly vegetarian populations (Singh et al., 2013). Its ability to fix atmospheric nitrogen, improve soil fertility, and fit well into diverse cropping systems further strengthens its role in sustainable agriculture. India remains the largest global producer and consumer of blackgram, cultivating over three million hectares annually (FAO, 2023). Despite its nutritional significance and expanding demand, productivity remains low and variable across regions, largely due to suboptimal nutrient management and inherent soil constraints. In many pulse-growing areas, particularly in eastern India, average blackgram yields continue to lag behind potential levels, reflecting the need for improved nutrient-use efficiency and balanced fertilization strategies.
Phosphorus (P) is a key macronutrient required for energy transfer, root development, nodulation, and reproductive growth in legumes. However, its efficient management remains a persistent challenge (Mitran et al., 2018). More than 70–90% of applied phosphorus becomes immobilized through fixation with calcium, iron, and aluminium compounds in soil, leaving only a small fraction available for crop uptake (Shen et al., 2011). Consequently, P-use efficiency in most Indian soils rarely exceeds 10–25%, compelling farmers to increase fertilizer doses to maintain yields. Such practices have led to nutrient imbalances, elevated production costs, and environmental concerns without proportionate improvements in productivity (Roy et al., 2016). Improving the bioavailability and recovery of applied P is thus central to enhancing blackgram yield and sustaining soil fertility in the long term.
Nanotechnology offers new opportunities to overcome constraints associated with conventional fertilizers. Nano-fertilizers, due to their extremely small particle size, high surface area, and enhanced reactivity, promote superior nutrient absorption, controlled release, and targeted delivery within plant tissues (Liu & Lal, 2015). These properties can improve nutrient uptake efficiency while reducing losses through leaching or fixation. Among emerging nano-formulations, nano–di-ammonium phosphate (nano-DAP) has gained considerable attention. Developed as a liquid fertilizer containing 8% N and 16% P₂O₅, nano-DAP aims to complement or partially substitute conventional DAP by providing readily absorbable phosphorus through foliar or seed-priming applications. Its nanoscale characteristics facilitate penetration through stomata and cuticular pathways, ensuring rapid translocation to metabolically active tissues and enhancing reproductive efficiency (Raliya et al., 2015).
Previous research suggests that nano-P fertilizers can improve biomass accumulation, photosynthesis, nodulation, and grain formation in legumes, especially under reduced soil P supply (Rastogi et al., 2019). The potential to achieve comparable yields with lower fertilizer inputs presents both economic and ecological advantages. However, the effectiveness of nano-DAP can vary depending on the timing of application, concentration, and the proportion of soil-applied phosphorus replaced. Particularly in blackgram, where reproductive stages are highly sensitive to nutrient limitations, foliar nano-DAP applied at appropriate crop growth stages may enhance pod set, grain filling, and assimilate partitioning more efficiently than seed treatment alone.
Given these perspectives, balanced phosphorus management integrating conventional DAP with nano-DAP could represent a cost-effective and sustainable strategy for improving blackgram productivity. Yet, empirical evidence on optimal nano-DAP integration, its agronomic benefits, and associated economic returns remains limited. Therefore, the present study evaluates the influence of combined nano-DAP and DAP applications on growth, yield, and profitability of blackgram to determine whether nano-DAP can partially substitute soil-applied phosphorus without compromising performance. It was hypothesized that foliar application of nano-DAP, in combination with reduced doses of soil-applied phosphorus, would enhance phosphorus-use efficiency, increase yield attributes and yield, and improve economic returns compared with the sole application of conventional DAP.
2. MATERIALS AND METHODS
A field experiment was conducted during the kharif season of 2023 at the Student Plot (Instructional Farm-I), College of Agriculture, Odisha University of Agriculture and Technology, Bhawanipatna, situated at 19°55′ N latitude and 83°9′ E longitude, at an elevation of 248 meters above mean sea level. The site falls under the Western Undulating Agro-climatic Zone of Odisha. Preliminary soil analysis revealed a pH of 6.51, electrical conductivity of 0.23 dS/m, organic carbon content of 0.67%, and available nitrogen, phosphorus, and potassium at 263.42, 11.37, and 200.60 kg/ha, respectively.
The experiment was laid out in a randomized complete block design (RCBD) with three replications, comprising eight treatments: T1-control; T2-100% RDF (20:40:20 N:P₂O₅:K₂O kg/ha); T3-75% RD P₂O₅ through DAP + nano-DAP foliar spray at 25 DAS; T4-50% RD P₂O₅ through DAP + nano-DAP sprays at 25 and 40 DAS; T5-25% RD P₂O₅ through DAP + nano-DAP sprays at 25, 40, and 55 DAS; T6-75% RD P₂O₅ + nano-DAP seed treatment; T7-50% RD P₂O₅ + seed treatment + nano-DAP spray at 25 DAS; and T8-25% RD P₂O₅ + seed treatment + nano-DAP sprays at 25 and 40 DAS.
The blackgram variety ‘Pant Urd 10 (PU 10-23)’ was used. Fertilizer nutrients were applied as per treatment specifications using urea, DAP, and MOP as sources of nitrogen, phosphorus, and potassium, respectively. Seeds for nano-DAP treatments were coated at 4 ml/kg, while untreated seeds received Carbendazim at 2.5 g/kg. Sowing was performed on 26 July 2023 at a seed rate of 25 kg/ha, maintaining a spacing of 30 cm × 10 cm. Standard agronomic practices were followed, and intercultural operations, including weeding and hoeing, were performed three weeks after sowing. Foliar application of IFFCO nano-DAP (2 ml/L) was conducted at 25, 40, and 55 DAS as per treatment schedule using a manual power sprayer.
Ten plants per plot were randomly selected for growth observations at 30, 45, and 60 DAS, and at harvest. Harvesting was done when pods turned black and plants began to desiccate, with border rows and 50 cm from plot ends excluded to avoid edge effects. Net plot yields were harvested, labeled, sun-dried for four days, manually threshed, and seeds further dried for three days to attain optimal storage moisture. Biological yield, seed yield, and yield-contributing traits were recorded.
The harvest index was computed using the formula and represented as a percentage.

Where, Economic yield = Seed yield (kg/ha)
 Biological yield = Total (seed + stover) yield (kg/ha)
The cost of cultivation per hectare was calculated based on input prices and labor charges, and the benefit-cost ratio (B:C) was computed as gross returns divided by cultivation cost. 

All data were organized in appropriate tables and subjected to statistical analysis using ANOVA for RCBD. Significance of treatment differences was tested using the F-test, and standard error of the mean (SEm±) and critical difference (CD) at 5% probability (P = 0.05) were calculated following Gomez and Gomez (1989).
3. RESULTS AND DISCUSSION
3.1 Growth Attributes
Marked differences in blackgram growth attributes were observed under varying nano-DAP and DAP combinations. The 100% RDF (20:40:20 N:P₂O₅: K₂O kg/ha) treatment recorded the greatest plant height (47.07 cm), highest number of branches (9.04), and maximum dry matter accumulation (17.75 g/plant). These values were statistically comparable to treatments receiving 75% RD P₂O₅ + nano-DAP spray at 25 DAS (45.44 cm; 8.95 branches; 17.69 g) and 50% RD P₂O₅ + nano-DAP spray at 25 & 40 DAS (45.01 cm; 8.95 branches; 17.61 g). Growth parameters declined sharply in the control and treatments receiving only 25% RD P₂O₅, indicating a clear response to phosphorus availability. Seed-priming treatments with nano-DAP showed moderate improvement over the control but remained inferior to foliar nano-DAP sprays, highlighting the importance of nutrient supply during mid-vegetative stages (Table 1).
Table 1. Effect of nano DAP with different combinations of DAP on growth attributes (at harvest) of blackgram
	Treatments
	Plant height (cm)
	No. of branches/
Plant (Nos./plant)
	Dry matter accumulation/
plant (g/plant)

	T1: Control
	29.38
	6.02
	11.29

	[bookmark: _Hlk177064726]T2: 100% RDF
	47.07
	9.04
	17.75

	T3: 75% RD P2O5 through DAP + nano DAP spray once at 25 DAS
	45.44
	8.95
	17.69

	T4: 50% RD P2O5 through DAP + nano DAP spray twice at 25 & 40 DAS
	45.01
	8.95
	17.61

	T5: 25% RD P2O5 through DAP + nano DAP spray thrice at 25, 40 & 55 DAS
	33.15
	6.71
	13.18

	T6: 75% RD P2O5 through DAP + seed treatment with nano DAP
	37.76
	7.58
	14.66

	T7: 50% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray once at 25 DAS
	38.72
	8.24
	16.25

	T8: 25% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray twice at 25 & 40 DAS
	33.02
	6.60
	12.95

	SEm±
	1.10
	0.19
	0.39

	CD (P=0.05)
	3.35
	0.58
	1.20


The comparable performance of nano-DAP foliar spray treatments at reduced phosphorus levels suggests that nanoscale phosphorus improved nutrient absorption and utilization efficiency. Nano-fertilizers are known to exhibit higher surface reactivity, faster dissolution, and better phloem mobility, enhancing nutrient uptake and promoting vigorous growth (Misra et al., 2013; Liu & Lal, 2015). Enhanced branching under nano-DAP treatments may be associated with improved nitrogen availability, which is strongly linked to cytokinin-mediated lateral bud activation (Sakakibara, 2006). Increased dry matter accumulation is in line with earlier reports showing that nano-nutrients enhance photosynthetic activity, biomass production, and metabolic efficiency compared with conventional fertilizers (Dimkpa & Bindraban, 2018). Overall, the findings indicate that foliar nano-DAP can effectively compensate for 25–50% of the recommended phosphorus dose while sustaining growth attributes comparable to full RDF, offering a pathway for reducing P input without compromising vegetative performance.
3.2 Yield attributes and Yield
The results demonstrated that yield attributes and yield of blackgram responded strongly to integrated applications of DAP and nano-DAP. The highest pods per plant (38.96), seed yield (1240 kg ha⁻¹), stover yield (1958 kg ha⁻¹) and harvest index (38.78%) were obtained under 100% RDF (20:40:20 N:P₂O₅: K₂O kg ha⁻¹). These were statistically comparable with 75% RD P₂O₅ + one foliar spray of nano-DAP at 25 DAS and 50% RD P₂O₅ + two nano-DAP sprays at 25 and 40 DAS, which produced seed yields of 1219 and 1216 kg ha⁻¹, respectively (Table 2).
Table 2. Effect of nano DAP with different combinations of DAP on yield attributes and yield of blackgram
	Treatments
	Pods/ 
Plant (Nos./plant)
	Seed yield (kg/ha)
	Stover yield (kg/ha)
	Harvest index (%)

	T1: Control
	17.65
	500
	1565
	24.24

	T2: 100% RDF
	38.96
	1240
	1958
	38.78

	T3: 75% RD P2O5 through DAP + nano DAP spray once at 25 DAS
	36.95
	1219
	1936
	38.64

	T4: 50% RD P2O5 through DAP + nano DAP spray twice at 25 & 40 DAS
	36.77
	1216
	1925
	38.58

	T5: 25% RD P2O5 through DAP + nano DAP spray thrice at 25, 40 & 55 DAS
	22.02
	753
	1706
	30.61

	T6: 75% RD P2O5 through DAP + seed treatment with nano DAP
	26.03
	987
	1785
	35.60

	T7: 50% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray once at 25 DAS
	30.40
	1100
	1862
	37.06

	T8: 25% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray twice at 25 & 40 DAS
	21.68
	722
	1673
	30.16

	SEm±
	1.13
	21.0
	101.6
	0.65

	CD (P=0.05)
	3.44
	63.7
	308.1
	1.97


This indicates that nano-DAP foliar application can compensate for reduced soil-applied phosphorus. In contrast, the lowest yield (500 kg ha⁻¹) in the control reflected severe nutrient limitation. Treatments involving seed coating with nano-DAP (e.g., T6, T7) produced moderate improvements, showing that foliar application during critical reproductive stages was more effective than seed treatment alone. Similar trends have been reported in other blackgram studies where nano-DAP significantly enhanced pod set, grain filling, and nutrient uptake, thereby sustaining yield even under reduced P application (Krishnasamy et al., 2024; Shete et al., 2024; Pandey et al., 2025;). These yield enhancements can be explained by the functional advantages of nano-fertilizers, particularly their larger reactive surface area, improved foliar penetration, and controlled nutrient release. These properties increase nutrient availability, uptake, and movement towards reproductive tissues, enhancing photosynthesis and assimilate partitioning to seeds. Earlier studies confirm that nano-scale nutrient formulations improve P-use efficiency, metabolic activity, and biomass allocation in legumes and cereals (Liu & Lal, 2015; Tarafdar et al., 2014). The performance similarity between full RDF and reduced P treatments supplemented with nano-DAP demonstrates that nano-DAP can partially substitute conventional phosphorus fertilization without compromising productivity. This aligns with findings that foliar nano-P applications maintain yield and nutrient uptake under reduced soil P conditions by improving recovery efficiency and minimizing soil P fixation (Shete et al., 2024; Pandey et al., 2025). Overall, the results highlight nano-DAP as a promising supplementary P source that enhances yield while lowering the requirement for soil-applied phosphorus, making it a sustainable option for blackgram production in P-deficient or P-fixing soils.
3.3 Production economics
The economic analysis of blackgram demonstrated clear variation in cultivation cost and profitability across phosphorus management treatments integrating nano-DAP. The highest cost of cultivation was recorded in T5 (₹36,995 ha⁻¹), followed by T4 (₹36,312 ha⁻¹), owing mainly to the cost of multiple nano-DAP sprays. In contrast, treatments with fewer or no nano-DAP applications (T1, T2, and T6) incurred lower input costs. Profitability trends, however, depended more on yield gains than on cost alone. The highest B:C ratio (2.47) was observed in T2 (100% RDF), indicating that recommended NPK fertilization remained the most economically favourable option under the trial conditions. Treatments combining conventional DAP with limited nano-DAP supplementation-T3 (2.40) and T4 (2.33) - also yielded high profitability, demonstrating that partial P substitution with nano-DAP can sustain or improve economic returns when application frequency is optimized. Conversely, excessive dependence on nano-DAP, especially in T5 and T8, resulted in lower B:C ratios (1.41 and 1.40), suggesting that yield increments did not sufficiently offset the increased input cost associated with repeated nano-DAP sprays (Table 3).

Table 3. Effect of nano DAP with different combinations of DAP on production economics of blackgram
	Treatments
	Cost of cultivation 
[bookmark: _Hlk177799845](Rs /ha)
	Benefit-cost ratio (B:C)

	T1: Control
	31377
	1.11

	T2: 100% RDF
	[bookmark: _Hlk177800157]34947
	2.47

	T3: 75% RD P2O5 through DAP + nano DAP spray once at 25 DAS
	35629
	2.40

	T4: 50% RD P2O5 through DAP + nano DAP spray twice at 25 & 40 DAS
	36312
	2.33

	T5: 25% RD P2O5 through DAP + nano DAP spray thrice at 25, 40 & 55 DAS
	36995
	1.41

	T6: 75% RD P2O5 through DAP + seed treatment with nano DAP
	34441
	1.99

	T7: 50% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray once at 25 DAS
	35124
	2.31

	T8: 25% RD P2O5 through DAP + seed treatment with nano DAP + nano DAP spray twice at 25 & 40 DAS
	35807
	1.40

	SEm±
	-
	0.06

	CD (P=0.05)
	-
	0.19



These trends align with earlier studies showing that nano-fertilizers enhance nutrient use efficiency only under balanced application regimes. Raliya et al. (2015) demonstrated that nano-phosphorus increases nutrient uptake efficiency due to higher surface reactivity, but emphasized the importance of optimum dose. Similarly, Liu and Lal (2015) reported that nano-fertilizers improve crop growth and reduce fertilizer requirements, yet economic benefits diminish when application rates exceed plant absorption capacity. Evidence from Zulfiqar et al. (2019) also supports that nano-nutrients are most effective as supplements rather than complete substitutes for conventional fertilizers—consistent with the strong performance of T3 and T4 in the present study. Further, studies by Rastogi et al. (2019) and Singh et al. (2017) highlight that nano-fertilizers enhance foliar absorption and root uptake but offer minimal incremental benefit when applied too frequently or in high doses due to physiological saturation limits. The reduced B:C ratios observed in over sprayed treatments (T5, T8) may therefore be attributed to diminishing marginal nutrient-use efficiency and increased cost per unit nutrient supplied. Overall, the results indicate that while nano-DAP can complement conventional phosphorus fertilization in blackgram, its economic advantage is achieved only when used moderately rather than intensively.
CONCLUSION
[bookmark: _GoBack]The study demonstrated that integrating nano-DAP with conventional phosphorus fertilization can effectively enhance growth, yield, and profitability in blackgram while allowing partial substitution of soil-applied P. Full RDF (20:40:20 N:P₂O₅:K₂O kg ha⁻¹) consistently produced the highest growth attributes, yield components, and seed yield; however, treatments receiving 75% or 50% of the recommended P dose supplemented with one or two nano-DAP sprays performed statistically at par. This indicates that nano-DAP improves phosphorus use efficiency by enhancing foliar absorption, nutrient mobility, and assimilate partitioning, enabling comparable productivity at reduced P levels. Economic analysis further revealed that moderate nano-DAP use (T3, T4) provided high B:C ratios close to RDF, whereas excessive spraying increased costs without proportional yield gains. Overall, nano-DAP foliar application emerges as a promising strategy to optimize phosphorus inputs, maintain high yield, and improve economic returns, particularly in P-deficient or P-fixing soils.
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