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Abstract. Soybean (Glycine max (L.) Merrill) is one of the most important food crops in Indonesia because of its high nutritional value and extensive use in a wide range of processed food products. However, domestic soybean production remains insufficient to satisfy national demand, resulting in a continued dependence on imports. Improving soybean productivity through balanced nutrient management has therefore become a major priority in sustainable agriculture. The integration of bionanofertilizers with conventional NPK fertilizers offers considerable potential to enhance nutrient-use efficiency and crop productivity. This study aimed to determine the optimum combination of bionanofertilizer concentration and NPK fertilizer rate for improving the growth and yield of the Detap-1 soybean variety. The experiment was arranged in a factorial randomized block design with two factors and three replications. The first factor consisted of three bionanofertilizer concentrations (6, 9, and 12 mL L⁻¹), whereas the second factor consisted of three NPK fertilizer rates (6, 9, and 12 g plant⁻¹). Observed variables included plant height, stem diameter, number of pods, pod weight, number of seeds, seed weight, and 100-seed weight. Data were analyzed using analysis of variance (ANOVA), followed by Duncan's Multiple Range Test (DMRT) at the 5% significance level. The results showed that the application of 9 mL L⁻¹ bionanofertilizer combined with 9 g plant⁻¹ NPK fertilizer (B2S2) produced the highest growth and yield performance. This treatment resulted in a plant height of 63.3 cm, a stem diameter of 71.8 mm, 178.2 pods, a pod weight of 294.7 g, 423.7 seeds, a seed weight of 82.7 g, and a 100-seed weight of 24.7 g. These findings demonstrate that integrating bionanofertilizer with balanced NPK fertilization can substantially improve soybean growth and productivity through enhanced nutrient-use efficiency.
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1.	Introduction
Soybean (Glycine max (L.) Merrill) is one of Indonesia's strategic food crops owing to its high nutritional value and broad utilization in both household consumption and agro-industrial processing. Soybean is widely processed into various food products, including tofu, tempeh, soy sauce, tauco, and soy milk. Its nutritional composition, consisting of approximately 35% protein, 18% fat, and 35% carbohydrates, contributes significantly to its economic value and potential for agro-industrial development (Hamid et al., 2020). Consequently, improving soybean production has become an essential component of Indonesia's food security strategy.
Despite its strategic importance, domestic soybean production remains insufficient to satisfy national consumption demands. Indonesia continues to depend heavily on soybean imports to meet domestic demand. Previous reports indicated that soybean production experienced a decline from approximately 1.3 million tons in 2014 to nearly one million tons in 2015, demonstrating the necessity of improving soybean productivity through appropriate cultivation technologies (Afidah, 2019). Increasing soybean production has therefore become an important agricultural priority in Indonesia.
Several agronomic approaches have been developed to enhance soybean productivity, including the utilization of superior varieties and balanced fertilization strategies. The application of fertilizers containing both macro- and micronutrients is essential for supporting optimal plant growth and yield. Furthermore, the adoption of superior soybean varieties contributes significantly to increasing productivity due to their desirable characteristics, such as high yield potential, improved tolerance to environmental stresses, and better resistance to pests and diseases (Kamilah et al., 2024). Detap-1 soybean variety represents one of the promising superior varieties that has considerable potential for cultivation under Indonesian agroecosystems.
Recent advances in agricultural nanotechnology have introduced innovative fertilizer formulations designed to improve nutrient use efficiency and environmental sustainability. Nanotechnology-based fertilizers have gained increasing attention because their nanoparticle properties enhance nutrient availability, biological activity, surface interactions, and controlled nutrient release mechanisms (Abdelkader et al., 2024). Among these innovations, bionanofertilizer combines nanotechnology with beneficial microorganisms capable of improving nutrient absorption and stimulating plant growth. The controlled-release characteristics of bionanofertilizer allow nutrients to be supplied gradually according to plant requirements, thereby reducing nutrient losses through leaching, volatilization, and soil fixation processes (Chhipa, 2022).
In addition to improving nutrient availability, bionanofertilizer promotes physiological processes associated with plant development. Nanoparticles facilitate nutrient transport through roots and leaf stomata, while beneficial microorganisms produce phytohormones such as auxins, gibberellins, and cytokinins that stimulate root development and enhance nutrient uptake efficiency (Prokisch et al., 2024). Previous studies have demonstrated that nano-based fertilizers significantly improve plant growth and yield components in several crops. Widiatmanta et al. (2023) reported that the application of 10 mL L⁻¹ nano fertilizer combined with appropriate planting media significantly increased plant height, stem diameter, fruit weight, and fruit dimensions in zucchini plants. Similarly, nano biofertilizers have been reported to improve nutrient uptake efficiency while reducing chemical fertilizer requirements by up to 40% (Oyediran et al., 2025).
Balanced fertilization using NPK fertilizer also plays a fundamental role in soybean production. Nitrogen contributes to chlorophyll synthesis and vegetative growth, phosphorus is involved in energy transfer and reproductive development, whereas potassium regulates enzymatic activities and photosynthate translocation (Naibaho, 2020). The synergistic interaction among these nutrients substantially affects soybean growth and yield formation. Previous findings demonstrated that the application of 9 g plant⁻¹ NPK fertilizer significantly increased soybean fruit weight compared to untreated plants (Mardiah, 2023). Moreover, the combination of biofertilizers and NPK fertilizers has been shown to improve soybean productivity through enhanced nutrient utilization efficiency (Jp et al., 2025).
Although numerous studies have investigated the effects of conventional biofertilizers and NPK fertilizers on soybean cultivation, research evaluating the interaction between bionanofertilizer concentration and NPK fertilizer dosage remains limited, particularly for the Detap-1 soybean variety cultivated under the agroecological conditions of Blitar Regency. Therefore, this study was conducted to determine the optimal combination of bionanofertilizer concentration and NPK fertilizer dosage for improving the growth and yield of Detap-1 soybean variety. The findings are expected to contribute to the development of efficient, environmentally sustainable, and integrated nutrient management strategies for soybean cultivation.



2.	Methods	
2.1. 	Study Site and Experimental Design
	This study was conducted from June to September 2025 in Rejowinangun Village, Kademangan District, Blitar Regency, East Java, Indonesia. The experimental site is located at an altitude of approximately 167 m above sea level with geographical coordinates of 8.139840674968669° S and 112.22092916510492° E. Blitar Regency is characterized by a tropical climate with two distinct seasons, namely the dry season occurring from June to October and the rainy season from November to May. The average temperature ranges from 22°C to 29°C in lowland areas and approximately 18°C in mountainous regions.Formulae should be centered and numbered. 
	The experiment was conducted using a factorial randomized block design (RBD) consisting of two factors with three replications. The first factor was bionanofertilizer concentration comprising B1 (liquid organic fertilizer at 6 ml per liter), B2 (liquid organic fertilizer at 9 ml per liter), and B3 (liquid organic fertilizer at 12 ml per liter). The second factor was NPK fertilizer dosage comprising S1 (NPK fertilizer at 6 g per plant), S2 (NPK fertilizer at 9 g per plant), and S3 (NPK fertilizer at 12 g per plant). The factorial treatment arrangement was developed based on previous studies reporting the effectiveness of nano-based fertilizers and NPK fertilizer applications in improving soybean productivity (Patil, 2025; Widiatmanta et al., 2023). Each treatment combination was replicated three times, resulting in twenty-seven experimental units comprising fifty-four soybean plants.

2.2. Plant Material and Treatment Applications
	The plant material used in this experiment was Detap-1 soybean (Glycine max (L.) Merrill) seeds cultivated using blotong soil and rice husk charcoal. Bionanofertilizer was applied according to the designated treatment concentrations, whereas NPK fertilizer was administered based on the predetermined dosage treatments. Nano-based fertilizers have been reported to improve nutrient use efficiency through controlled nutrient release mechanisms and enhanced nutrient (Abdelkader et al., 2024; Oyediran et al., 2025). Balanced NPK fertilization plyas an important role in supporting vegetative and generative development in soybean plants (Hao et al., 2023). 
	Therfore, the combination of both fertilization technologies was evaluated in the present study to determine their effects on soybean growth and yield.
2.3. Growth and Yield Paramaters
	Growth observations consisted of plant height and stem diameter measured periodically from one to five weeks after planting (WAP). Plant height is commonly used as an indicator of vegetative development and nutrient utilization efficiency, whereas stem diameter reflects plant vigor and the effectiveness of nutrient translocation processes (Naibaho & Barus, 2020). Yield parameters observed at harvest included the number of pods, pod weight, number of seeds, seed weight, and 100-seed weight. These parameters are widely employed for evaluating soybean productivity because they directly represent reproductive performance and seed development (Hapsoh et al., 2019; Yusuf et al., 2024).
2.4. Statistical Analysis
Data obtained from all observed variables were subjected to analysis of variance (ANOVA) at the 5% significance level to determine the effects of bionanofertilizer concentration, NPK fertilizer dosage, and their interaction on soybean growth and yield parameters. Significant differences among treatments were further analyzed using Duncan's Multiple Range Test (DMRT) at the 5% significance level. Statistical analyses were performed to identify the optimum treatment combination for improving the growth and productivity of Detap-1 soybean (Glycine max (L.) Merrill) variety.	

3.	Results and Discussion

3.1. Effect of Bionanofertilizer Concentration and NPK Fertilizer Dosage on Soybean Plant Heigh

		The analysis of variance (ANOVA) at the 5% significance level revealed a significant interaction between bionanofertilizer concentration and NPK fertilizer dosage on soybean plant height throughout the observation period, from one to five weeks after planting (WAP). Duncan's Multiple Range Test (DMRT) further demonstrated that the treatment combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer (B2S2) consistently produced superior plant height compared with the remaining treatment combinations. The superiority of this treatment became increasingly evident during the later stages of vegetative growth, indicating that the interaction between nano-based biofertilizer and balanced NPK fertilization substantially influenced nutrient utilization efficiency during soybean development.

Table 1 Mean plant height of soybean under different combinations of bionanofertilizer and NPK fertilizer dosage at 1,2, 3, 4, and 5 WAP
	Treatment Combinations
	 Height of Plant (cm)

	
	1 WAP
	2 WAP
	3 WAP
	4 WAP

	B1S1
	9,7 ab
	16,7 ab
	28,3 abc
	32,2 abc

	B1S2
	10,1 ab
	17,1 ab
	29,8 bc
	35,3 bcd

	B1S3
	9,5 ab
	16,7 ab
	28,2 abc
	33,2 abc

	B2S1
	10,3 ab
	17,4 ab
	30,3 bc
	37 cd

	B2S2
	14,5 c
	21,7 c
	35,3 d
	44 e

	B2S3
	11,2 b
	18 b
	31,2 c
	38,9 d

	B3S1
	9,6 ab
	16,5 ab
	28 abc
	32 ab

	B3S2
	9a
	15 a
	26 a
	30,2 a

	B3S3
	9,5 ab
	15,5 a
	27,5 ab
	31,1 ab


Note:
· WAP = Weeks After Planting
· B1 - B3 = liquid organic fertilizer dosage levels
· S1 - S3 = NPK fertilizer dosage levels
· a, ab, bc, c = different lowercase letters

		The results showed that the B2S2 treatment produced the highest mean plant height at three WAP (35.3 cm), which was significantly different from the other treatment combinations. Similar trends were observed at four and five WAP, with average plant heights of 44 cm and 63.3 cm, respectively. These findings indicate that the combined application of bionanofertilizer at an optimum concentration and balanced NPK fertilization effectively supported soybean vegetative growth. Adequate nutrient availability during the vegetative stage promotes cell division, stem elongation, and leaf development, which ultimately contribute to increased plant height.
	The superior performance of the B2S2 treatment may be attributed to the synergistic interaction between the beneficial microorganisms contained in bionanofertilizer and the balanced supply of macronutrients provided by NPK fertilizer. Nitrogen plays an important role in chlorophyll formation and protein synthesis, thereby enhancing photosynthetic activity and vegetative development. Phosphorus contributes to cell division, energy transfer, and root development, whereas potassium regulates enzymatic activities and facilitates assimilate translocation throughout plant tissues. The balanced availability of these nutrients enables soybean plants to achieve optimum physiological performance during vegetative growth (Han et al., 2022; Hao et al., 2023).
	In addition to supplying essential nutrients, bionanofertilizer improves nutrient use efficiency through nano-enabled delivery mechanisms and microbial activities within the rhizosphere. Beneficial microorganisms stimulate root proliferation and enhance nutrient solubilization, thereby increasing nutrient uptake efficiency. Consequently, soybean plants receiving optimum fertilization exhibit improved vegetative performance, including greater plant height. Similar findings were reported by Widiatmanta et al. (2023), who demonstrated that nano fertilizer application significantly improved plant growth responses through enhanced nutrient utilization efficiency. Likewise, Patil et al. (2025) reported that nano fertilizer application positively affected soybean growth and productivity through improved nutrient absorption mechanisms.
	Interestingly, the treatment combinations receiving the highest fertilizer concentrations did not consistently produce the best growth responses. This finding suggests that increasing fertilizer concentration beyond the optimum level does not necessarily enhance soybean growth performance. Excessive nutrient availability may reduce nutrient use efficiency and potentially create nutrient imbalances within plant tissues. Therefore, optimum fertilization should emphasize balanced nutrient supply rather than maximum fertilizer dosage. The present findings demonstrate that the moderate combination of bionanofertilizer concentration and NPK fertilizer dosage was more effective than higher application rates under the experimental conditions employed in this study.
	Overall, the results indicate that the combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer represents the optimum treatment for improving soybean plant height. The synergistic interaction between nano-based biofertilizer and balanced NPK fertilization contributed substantially to vegetative growth by enhancing nutrient availability, nutrient uptake efficiency, and physiological processes associated with soybean development. These findings further support the potential application of integrated fertilization strategies for improving soybean productivity in sustainable agricultural systems.

3.2. Effect of Bionanofertilizer Concentration and NPK Fertilizer Dosage on Soybean Stem Diameter
	The analysis of variance (ANOVA) at the 5% significance level revealed that the interaction between bionanofertilizer concentration and NPK fertilizer dosage significantly affected soybean stem diameter throughout the observation period, namely at one, two, three, four, and five weeks after planting (WAP). The results of Duncan's Multiple Range Test (DMRT) further demonstrated that the treatment combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer (B2S2) consistently produced the greatest stem diameter compared with the remaining treatment combinations. These findings indicate that the combined application of bionanofertilizer and balanced NPK fertilization substantially
contributed to soybean vegetative development by improving nutrient availability and utilization efficiency during plant growth.

Table 2 Mean stem diameter of soybean under different combinations of bionanofertilizer and NPK fertilizer dosage at 1,2, 3, 4, and 5 WAP
	Treatment Combinations
	Stem Diameter (mm)

	
	1 WAP
	2 WAP
	3 WAP
	4 WAP
	1 WAP

	B1S1
	17,7 ab
	24,2 a
	32 ab
	42,3 abc
	60,7 ab

	B1S2
	20 b
	14,7 a
	33 ab
	43,2 abc
	62 ab

	B1S3
	18,3 ab
	23,8 a
	31,7 ab
	42 abc
	61,8 ab

	B2S1
	19,7 b
	24,3 a
	33,5 ab
	44,7 bc
	64,7 bc

	B2S2
	23,7 c
	32 c
	42,3 c
	52 d
	71,8 d

	B2S3
	20,7 bc
	27,7 b
	35,8 b
	46,5 c
	67,2 cd

	B3S1
	17,7 ab
	23,8
	30,5 a
	40,2 ab
	60,2 ab

	B3S2
	15,3 a
	23,5 a
	28,7 a
	39,5 a
	59,2 a

	B3S3
	17,3 ab
	23,5 a
	30,2 a
	40 ab
	60,3 ab


	
Note:
· WAP = Weeks After Planting
· B1 - B3 = liquid organic fertilizer dosage levels
· S1 - S3 = NPK fertilizer dosage levels
· a, ab, bc, c = different lowercase letters

		The B2S2 treatment produced the highest mean stem diameter throughout the observation period, reaching 23.7 mm at one WAP, 32 mm at two WAP, 42.3 mm at three WAP, 52 mm at four WAP, and 71.8 mm at five WAP. The consistently superior response observed under this treatment suggests that the optimum combination of bionanofertilizer concentration and NPK fertilizer dosage effectively supported stem development during both the early and later stages of vegetative growth. Stem diameter is an important agronomic parameter because it reflects plant vigor, mechanical strength, and the efficiency of nutrient translocation within plant tissues. Soybean plants with larger stem diameters generally exhibit improved assimilate distribution and greater tolerance to environmental stresses, thereby contributing positively to overall plant productivity. 
		The increased stem diameter observed in this study is closely associated with the balanced availability of essential macronutrients supplied by NPK fertilizer. Nitrogen is required for protein synthesis and chlorophyll formation, phosphorus is involved in cellular energy transfer and root development, whereas potassium plays a vital role in regulating enzymatic activities and water balance within plant tissues. The synergistic interaction among these nutrients promotes cell expansion and tissue differentiation processes that directly contribute to stem thickening during vegetative growth (Hao et al., 2023).
		
Adequate potassium availability also facilitates carbohydrate translocation from source tissues to actively growing organs, thereby supporting the formation of stronger and larger stem structures (Han et al., 2022). These microorganisms are capable of enhancing nutrient mineralization processes, increasing the population of beneficial microbes surrounding the root system, and stimulating the production of phytohormones involved in plant growth regulation. Consequently, root development becomes more efficient, allowing soybean plants to absorb water and nutrients more effectively throughout the growing period. Improved nutrient uptake efficiency ultimately supports the formation of larger stem tissues and greater vegetative biomass accumulation. Similar physiological responses have been reported in soybean plants receiving biofertilizer applications under different cultivation conditions (Htwe et al., 2019). 
	The findings of the present study are also consistent with previous reports demonstrating the positive effects of nano-based fertilizers on vegetative growth parameters. Widiatmanta et al. (2023) reported that nano fertilizer application significantly increased stem diameter through improved nutrient availability and absorption efficiency. Likewise, Wang et al. (2024) emphasized that stem diameter is an important quantitative trait closely associated with soybean growth performance and productivity. Larger stem diameters are generally associated with improved assimilate transport capacity and enhanced plant structural stability, both of which contribute to superior crop performance.
	Interestingly, increasing fertilizer concentration beyond the optimum level did not consistently improve stem diameter development. Although higher fertilizer dosages may provide greater nutrient quantities, excessive nutrient concentrations do not necessarily enhance nutrient use efficiency. Plants require nutrients in balanced proportions to achieve optimum physiological responses, and nutrient imbalances may negatively affect metabolic processes involved in vegetative growth. This finding explains why the highest concentration of bionanofertilizer and NPK fertilizer did not consistently outperform the moderate treatment combination represented by B2S2. Therefore, the optimum fertilization strategy should emphasize balanced nutrient management rather than maximizing fertilizer application rates alone. 
	Overall, the present findings indicate that the combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer represents the optimum treatment for enhancing soybean stem diameter under the environmental conditions of the present study. The synergistic interaction between nano-based biofertilizer and balanced NPK fertilization effectively promoted stem development by improving nutrient availability, nutrient uptake efficiency, and physiological processes associated with soybean vegetative growth. These results further highlight the potential of integrated fertilization strategies for improving soybean productivity through sustainable nutrient management practices.

3.3. 	Effect of Bionanofertilizer Concentration and NPK Fertilizer Dosage on Soybean Yield Components
	The analysis of variance (ANOVA) at the 5% significance level demonstrated a significant interaction between bionanofertilizer concentration and NPK fertilizer dosage on soybean yield components, including the number of pods, pod weight, number of seeds, seed weight, and 100-seed weight. Duncan's Multiple Range Test (DMRT) further revealed that the treatment combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer (B2S2) consistently produced superior yield responses compared with the remaining treatment combinations. These findings indicate that balanced nutrient availability plays an important role in supporting reproductive development and seed formation in soybean plants. 

	Table 4 Mean values of soybean yield components under different combinations of bionanofertilizer concentration and NPK fertilizer dosage
	Treatment Combinations
	Number of Pods
	Pod Weight (g)
	Number of Seeds
	Seed Weight (g)
	100-Seed Weight (g)

	
	
	
	
	
	

	B1S1
	144 bc
	196 ab
	308,3 abc
	52,8 ab
	17 abc

	B1S2
	157,8 c
	224,7 abc
	348,3 bc
	64,2 bc
	17,6 abc

	B1S3
	146,7 bc
	203,7 abc
	282,2 ab
	59 abc
	18 abc

	B2S1
	158,3 c
	242,3 bcd
	353,3 c
	67,5 c
	18,7 bc

	B2S2
	178,2 d
	294,7 d
	423,7 d
	82,7 d
	24,7 d

	B2S3
	141,7 bc
	270,8 cd
	369,8 cd
	68,5 c
	19,3 c

	B3S1
	136,7 ab
	174,8 ab
	275,8 a
	50,3 ab
	15,7 ab

	B3S2
	122 a
	169,2 a
	245,8 a
	45,2 a
	14,7 a

	B3S3
	133 ab
	177,5 ab
	253,8 a
	52,3 ab
	16,3 abc



Note:
· B1 - B3 = liquid organic fertilizer dosage levels
· S1 - S3 = NPK fertilizer dosage levels
· a, ab, bc, c = different lowercase letters
		The B2S2 treatment produced the highest number of pods (178.2 pods), pod weight (294.7 g), number of seeds (423.7), seed weight (82.7 g), and 100-seed weight (24.7 g). These findings demonstrate that optimum nutrient availability during both vegetative and reproductive growth stages substantially enhanced soybean productivity. The interaction between nano-based biofertilizer and balanced NPK fertilization enabled soybean plants to efficiently utilize nutrients throughout their growth cycle, thereby promoting superior reproductive performance.
		The increased number of pods obtained under the B2S2 treatment is closely associated with improved photosynthetic efficiency and assimilate accumulation during reproductive development. Pod formation in soybean plants is highly dependent on nutrient availability, particularly phosphorus and potassium, which regulate floral initiation, assimilate translocation, and pod filling processes. Consequently, greater assimilate production contributes not only to increased pod number but also to improved pod weight and seed formation. Similar physiological responses have been reported in soybean plants receiving balanced fertilization treatments under tropical cultivation conditions (Roswy & Sudiarso, 2022).
	Furthermore, increased pod production was positively associated with improvements in both the number of seeds and seed weight. Soybean plants producing greater numbers of pods generally exhibit enhanced assimilate translocation toward reproductive organs, thereby facilitating more efficient seed development. Nitrogen contributes substantially to protein synthesis during seed formation, whereas phosphorus and potassium are required for energy transfer processes and carbohydrate translocation throughout seed filling stages.  The highest 100-seed weight observed in the B2S2 treatment further indicates that nutrient availability remained sufficient during the later stages of reproductive growth. 
	Seed size and seed weight are important indicators of crop productivity because they reflect the effectiveness of assimilate accumulation during seed filling. Improved seed filling processes ultimately contribute to greater dry matter accumulation and superior seed quality. The superior responses obtained under the B2S2 treatment may also be attributed to the synergistic interaction between the nano-enabled nutrient delivery mechanisms of bionanofertilizer and the balanced supply of macronutrients provided by NPK fertilizer. Beneficial microorganisms contained in biofertilizers improve nutrient solubilization and stimulate phytohormone production, thereby enhancing nutrient uptake efficiency and root development. The improved physiological performance resulting from these processes substantially contributes to both vegetative and reproductive growth (Hindersah et al., 2020). 
Interestingly, increasing fertilizer concentration beyond the optimum level did not consistently improve soybean productivity. Treatments receiving the highest concentrations of bionanofertilizer and NPK fertilizer did not outperform the moderate treatment combination represented by B2S2. This finding suggests that optimum crop productivity is more strongly associated with balanced nutrient management than with maximum fertilizer application rates. Excessive fertilizer concentrations may reduce nutrient use efficiency and disrupt physiological processes involved in assimilate production and nutrient translocation.
The present findings are consistent with previous studies demonstrating that the integration of biofertilizers and balanced NPK fertilization significantly enhances soybean productivity through improved nutrient use efficiency and reproductive development. Previous reports have demonstrated that integrated fertilization strategies contribute substantially to pod formation, seed development, and yield improvement across various soybean cultivation systems (Pebian et al., 2025).
Overall, the results of this study demonstrate that the combination of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer represents the optimum fertilization strategy for improving soybean yield components. The synergistic interaction between nano-based biofertilizer and balanced nutrient management effectively enhanced pod formation, seed development, and assimilate accumulation, thereby significantly increasing soybean productivity. These findings highlight the potential application of integrated fertilization strategies for supporting sustainable soybean production under tropical agroecosystem conditions.

4. Conclussion
	The present study demonstrated that the interaction between bionanofertilizer concentration and NPK fertilizer dosage significantly affected the vegetative growth and yield components of Detap-1 soybean (Glycine max (L.) Merrill). The combined application of 9 mL L⁻¹ bionanofertilizer and 9 g plant⁻¹ NPK fertilizer (B2S2) was identified as the optimum treatment, consistently producing superior responses across all observed parameters. This treatment resulted in the highest plant height (63.3 cm), stem diameter (71.8 mm), number of pods (178.2), pod weight (294.7 g), number of seeds (423.7), seed weight (82.7 g), and 100-seed weight (24.7 g). These findings indicate that balanced nutrient availability provided by the synergistic interaction between nano-based biofertilizer and NPK fertilization substantially enhanced nutrient uptake efficiency, assimilate accumulation, and reproductive development in soybean plants.
	Furthermore, the results suggest that optimum soybean productivity is more strongly associated with balanced nutrient management than with increasing fertilizer application rates. Moderate fertilization levels proved more effective than higher concentrations in promoting both vegetative and reproductive performance under the experimental conditions employed in this study. The integration of bionanofertilizer and balanced NPK fertilization therefore offers considerable potential as a sustainable nutrient management strategy for improving soybean productivity. Future studies are recommended to evaluate the effectiveness of this fertilization combination under different agroecological conditions and at larger cultivation scales to further support the development of sustainable soybean production systems.
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