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Abstract
Okra (Abelmoschus esculentus L.), commonly known as bhendi, is a high-value vegetable crop whose productivity often relies heavily on chemical fertilization. However, excessive use of synthetic fertilizers threatens soil fertility and environmental sustainability. This study evaluated the effectiveness of Integrated Nutrient Management (INM) strategies involving the partial substitution of the Recommended Dose of Fertilizer (RDF) with combined organic manures to achieve sustainable okra production.
The experiment was conducted under a Randomized Block Design (RBD) with six treatments and three replications, comprising T1 (Control), T2 (100% RDF), T3 (50% RDF + FYM), T4 (50% RDF + VC), T5 (50% RDF + FYM + VC), and T6 (75% RDF + FYM + VC + Banana Peel and Eggshell Mixture). Growth and yield parameters were recorded and statistically analyzed using ANOVA followed by the Critical Difference (CD) test at P ≤ 0.05.
Results revealed that the integrated application of chemical and organic sources significantly improved both vegetative growth and yield performance. The T6 treatment achieved the highest pod yield of 18.9 t ha⁻¹, which was approximately 40% higher than the full 100% RDF (13.5 t ha⁻¹) and more than double that of the unfertilized control (8.2 t ha⁻¹). T6 also recorded maximum plant height (135.2 cm) and number of leaves (28.5 per plant). The superior performance of T6 highlights the synergistic effect of combining FYM, vermicompost, and nutrient-rich organic residues with reduced chemical inputs.
In conclusion, adopting a 75% RDF base supplemented with FYM, Vermicompost, and a Banana Peel + Eggshell Mixture offers a practical, cost-effective, and eco-friendly nutrient management strategy for maximizing okra yield while conserving soil health and reducing reliance on synthetic fertilizers.
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1. INTRODUCTION
Okra (Abelmoschus esculentus L.), commonly known as bhendi, is a major warm-season vegetable crop cultivated widely across tropical and subtropical regions. It is valued for its tender, mucilaginous pods, which are rich in dietary fiber, vitamins A, C, and K, and essential minerals, making it an important component of balanced diets and nutritional security [Kumar & Pandita, 2015].
However, to achieve high productivity, growers often depend heavily on chemical fertilizers, particularly the Recommended Dose of Fertilizer (RDF). While these inputs provide a rapid nutrient supply and immediate yield response, their continuous and excessive use has led to several problems—soil structure degradation, nutrient imbalance, decline in organic carbon, reduced microbial activity, and environmental contamination due to leaching and runoff [Yadav et al., 2017; Shankar Lal Yadav et al., 2023].
In recent years, the focus of crop management has shifted toward sustainable nutrient management systems that balance productivity with environmental health. Among these, Integrated Nutrient Management (INM) has gained prominence as a viable approach. INM combines the efficiency of inorganic fertilizers with the soil-enhancing benefits of organic sources such as Farm Yard Manure (FYM) and vermicompost (VC) to maintain soil fertility and improve nutrient use efficiency [Mal et al., 2013]. These organic amendments enhance soil physical structure, increase organic carbon and microbial biomass, and promote the gradual release of nutrients, thereby sustaining crop growth over longer periods [Lakra et al., 2017].
Previous studies have reported that integrating organic and inorganic fertilizers enhances growth and yield in okra while improving soil properties [Sharma et al., 2019]. Furthermore, reducing chemical fertilizer rates to 75% RDF and supplementing with organic sources can achieve yields comparable to or higher than the 100% RDF treatment [Shankar et al., 2023].
Despite this progress, there remains potential to improve INM strategies by incorporating locally available, low-cost organic wastes rich in nutrients and beneficial minerals. Materials such as banana peels (a source of potassium) and eggshells (a source of calcium) can be effectively recycled into nutrient mixtures to support sustainable farming practices.
Hence, the present study was undertaken to evaluate the effect of integrated nutrient management involving chemical fertilizers combined with organic sources (FYM, vermicompost, and banana peel + eggshell mixture) on the growth and yield performance of okra. The objective was to identify the most efficient and eco-friendly nutrient management strategy that enhances productivity while reducing chemical fertilizer dependency in tropical vegetable cultivation systems.
2. MATERIALS AND METHODS

2.1. Experimental Site, Duration, and Soil Characteristics
The field experiment was conducted during the Kharif season of 2024 at the Experimental Farm of Paavai Engineering College (M.S. Swaminathan Vayal Kudam), Namakkal District, Tamil Nadu, India (latitude 11.22° N, longitude 78.17° E, and an elevation of about 218 m above mean sea level). 
The region experiences a tropical semi-arid climate with an average annual rainfall of 780–820 mm, mostly received from the northeast monsoon (October–December). The mean maximum and minimum temperatures during the crop growth period ranged between 33°C and 22°C, respectively.
The soil of the experimental site is classified as red loam, belonging to the North-West Agro-Climatic Zone of Tamil Nadu. Prior to the initiation of the experiment, surface soil samples (0–15 cm depth) were collected and analyzed for their physicochemical properties. The soil was found to be neutral in reaction (pH 6.8), low in organic carbon (0.45%), and medium in available nitrogen (290 kg ha⁻¹), phosphorus (18.5 kg ha⁻¹), and potassium (270 kg ha⁻¹). These baseline values were used to formulate appropriate fertilizer and manure doses for the treatments.

2.2. Experimental Design and Treatment Details
The experiment was laid out in a Randomized Block Design (RBD) with six treatment combinations (T1 to T6) replicated three times. The size of the individual experimental plots was 3 m x 2 m.
CHART 1. The treatments investigated the effect of Integrated Nutrient Management (INM) by combining Recommended Dose Fertilizer (RDF) with various organic manures:
	Treatment Code
	Treatment Description

	T1
	Control (No fertilizer or manure application)

	T2
	100% Recommended Dose Fertilizer (RDF)

	T3
	50% RDF + Farm Yard Manure (FYM)

	T4
	50% RDF + Vermicompost (VC)

	T5
	50% RDF + Farm Yard Manure (FYM) + Vermicompost (VC)

	T6
	75% RDF + FYM + VC + Banana Peel and Eggshell mixture (BEM)


Note: The quantity of FYM and Vermicompost applied in treatments T3, T4, T5, and T6 was calculated to supply the equivalent nitrogen (N) or carbon content of the reduced chemical fertilizer dose, as per regional recommendations.
2.3. Crop Cultivation and Nutrient Application
The okra (Abelmoschus esculentus L.) hybrid variety Namdhari was selected for the experiment. Seeds were sown at a spacing of 60 cm between rows and 45 cm between plants. Standard cultural practices such as irrigation, thinning, weeding, and plant protection were uniformly adopted across all treatments to maintain optimum crop growth. The Recommended Dose of Fertilizer (RDF) for okra was 100:50:50 kg ha⁻¹ of N:P₂O₅:K₂O, applied through Urea, Single Super Phosphate (SSP), and Muriate of Potash (MOP).
Inorganic Fertilizer Application
The entire dose of phosphorus and potassium, along with half of the nitrogen, was applied as a basal dose at the time of sowing. The remaining nitrogen was top-dressed 30 days after sowing (DAS) to ensure continued nutrient availability during the vegetative phase.
Organic Manure Application
Organic sources were incorporated one week before sowing to allow preliminary decomposition and synchronization of nutrient release. The following quantities were applied based on local recommendations and nutrient equivalence:
· Farm Yard Manure (FYM) – 10 t ha⁻¹
· Vermicompost (VC) – 5 t ha⁻¹
Both FYM and VC were broadcast and thoroughly mixed into the soil before sowing.
Preparation and Application of Banana Peel and Eggshell Mixture (BEM)
To ensure reproducibility, the Banana Peel and Eggshell Mixture (BEM) was prepared using the following method:
1. Banana peels from ripened fruits were air-dried under shade for 5–6 days until crisp, then oven-dried at 60°C for 24 hours to remove residual moisture.
2. Eggshells, collected from clean household sources, were washed, sun-dried, and finely ground (<2 mm particle size).
3. The dried banana peel and eggshell powders were mixed thoroughly in a 3:1 ratio (w/w) to form the BEM.
4. The mixture was applied at 1 t ha⁻¹ and incorporated into the top 10 cm of soil during basal fertilizer application in the T6 treatment.
The BEM served as a rich supplementary source of potassium (from banana peels) and calcium (from eggshells), enhancing the availability of secondary and micronutrients throughout the crop growth period. All organic inputs were derived from safe, food-grade waste materials, ensuring there were no biosafety or sanitary concerns.

2.4. Data Collection
Observations on growth and yield parameters were recorded from five randomly selected and tagged plants in each plot.
A. Growth Parameters:
· Plant Height (cm) recorded at 30, 60, and 90 DAS/Final Harvest.
· Number of Leaves per Plant at 30, 60, and 90 DAS.
B. Yield and Yield Attributing Parameters:
· Days to 50% Flowering.
· Number of Fruits per Plant.
· Fruit Length (cm).
· Average Fruit Weight (g).
· Total Green Pod Yield (t ha⁻¹).
2.5. Statistical Analysis
All recorded data on growth and yield parameters were subjected to Analysis of Variance (ANOVA) as per the procedure outlined for the Randomized Block Design (RBD) using R Statistical Software (version 4.3.2). The treatment effects were tested for significance at the 5% probability level (P ≤ 0.05). Differences among the treatment means were evaluated using the Critical Difference (CD) test, which provides a clear indication of statistically significant variations.
Accordingly, the results presented in Tables 1 and 2 include mean values along with their respective CD (P ≤ 0.05) to indicate statistical significance. All measurements were expressed in standard agronomic units such as cm, g, and t ha⁻¹, ensuring uniformity across the dataset.
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3.1. Effect on Growth Parameters
The application of Integrated Nutrient Management (INM) treatments significantly influenced the vegetative growth parameters of Okra, including plant height and the number of leaves per plant (P ≤ 0.05).
3.1.1. Plant Height
At the final harvest (90 DAS), the tallest plants were recorded in treatment T6 (75% RDF + FYM + VC + BEM), averaging 135.2 cm, which was statistically superior to all other treatments. This was followed by T5 (50% RDF + FYM + VC) at 128.5 cm. The sole application of 100% RDF (T2) resulted in a height of 118.9 cm, while the control (T1) recorded the minimum height of 95.1 cm.
The superior height observed in T6 is attributable to the balanced and sustained nutrient release characteristic of INM. The 75% RDF provided immediate essential nutrients, particularly nitrogen, while the organic components (FYM, VC, and BEM) ensured a slow, steady supply of macro- and micronutrients, notably potassium (from BEM) and enhanced micronutrient availability, which are vital for cell elongation and robust vegetative growth [Lakra et al., 2017]. The combination of FYM and vermicompost (T5, T6) has been consistently reported to boost plant height compared to sole chemical applications, due to improved soil structure and water holding capacity, leading to better nutrient uptake [Yadav et al., 2017].
3.1.2. Number of Leaves per Plant
The maximum number of leaves per plant at 90 DAS was also recorded in T6 (averaging 28.5 leaves), followed by T5 (26.1 leaves). T2 (100% RDF) produced 22.4 leaves, which was significantly lower than the best INM treatments.
Leaf count is directly correlated with photosynthetic efficiency. The combined application of chemical and organic fertilizers (T5 and T6) promoted greater leaf production by ensuring ample availability of nitrogen (for protein synthesis and chlorophyll formation) and magnesium. The higher microbial activity induced by the organic manures in T6 enhances nutrient cycling, further supporting leaf biomass accumulation compared to the inorganic-only T2 [Sharma et al., 2019].

Table 1: Effect of Integrated Nutrient Management (INM) Treatments on Growth Parameters of Okra
	Treatment Code
	Treatment Description
	Plant Height (30 DAS) (cm)
	Plant Height (60 DAS) (cm)
	Plant Height (90 DAS) (cm)
	No. of Leaves (90 DAS)

	T1​
	Control
	24.5
	58
	95.1
	18.5

	T2​
	100% RDF
	36.1
	79.5
	118.9
	22.4

	T3​
	50% RDF + FYM
	32.8
	75.2
	122.5
	24.1

	T4​
	50% RDF + VC
	33.5
	76.8
	125.8
	25

	T5​
	50% RDF + FYM + VC
	35.2
	78.9
	128.5
	26.1

	T6​
	75% RDF + FYM + VC + BEM
	37.9
	82.5
	135.2
	28.5

	CD (P≤0.05)
	1.8
	3.5
	4.1
	1.9


Note: Data represent mean values of three replications. 
Measurements were taken from five randomly selected plants per plot.
CD (P ≤ 0.05) indicates the critical difference at a 5% probability level.

3.2. Effect on Yield and Yield Attributing Parameters
Yield components, which determine final productivity, were significantly maximized under the Integrated Nutrient Management treatments.
3.2.1. Days to 50% Flowering
Treatments involving combined organic and inorganic fertilizers generally resulted in earlier flowering. The earliest 50% flowering was observed in T6 (41 days), statistically at par with T5 (42 days), indicating enhanced metabolic activity and rapid transition to the reproductive phase. The control (T1) took the longest time (51 days).
The timely nutrient availability, particularly of phosphorus (P), which is critical for flower initiation, was likely optimized in the INM plots (T5 and T6). Vermicompost is known to solubilize soil-native P and provide plant growth regulators, accelerating the physiological process of flowering compared to control and 100% RDF treatments, where P availability might be limiting or unbalanced over time [Kumar et al., 2015].
Table 2: Effect of Integrated Nutrient Management (INM) Treatments on Yield Parameters of Okra
	Treatment Code
	Treatment Description
	Days to 50% Flowering
	No. of Fruits per Plant
	Fruit Length (cm)
	Average Fruit Weight (g)
	Total Green Pod Yield (t ha−1)

	T1​
	Control
	51
	8.8
	10.5
	11.2
	8.2

	T2​
	100% RDF
	44
	12.5
	13.8
	14.5
	13.5

	T3​
	50% RDF + FYM
	45
	13.9
	14.2
	14.9
	14.9

	T4​
	50% RDF + VC
	43
	14.5
	14.5
	15.3
	15.5

	T5​
	50% RDF + FYM + VC
	42
	15.8
	15.1
	15.9
	16.8

	T6​
	75% RDF + FYM + VC + BEM
	41
	17.2
	15.9
	16.5
	18.9

	CD (P≤0.05)
	1.5
	1.2
	0.8
	0.9
	1.15


Note: Yield data represent the marketable fresh green pods at final harvest.
All values are averages of three replications, analyzed using CD (P ≤ 0.05).

The highest marketable yield of 18.9 t ha⁻¹ was obtained from T6 (75% RDF + FYM + VC + BEM), which was significantly higher than the 100% RDF treatment (T2) by approximately 40%.
This finding strongly validates the efficacy of adopting a complex, integrated nutrient solution. While 100% RDF provided good yield, the reduced RDF in T6 combined with balanced organic sources resulted in a synergistic effect. The use of 75% RDF minimizes the negative impact of chemical fertilizers while the mixed organic inputs—FYM for bulk organic matter, vermicompost for micronutrients and humic substances, and BEM for secondary nutrients (K and Ca)—created an optimal rhizosphere. Previous studies support this, showing that combining 75% NPK with vermicompost can achieve the highest yield, often surpassing the sole 100% RDF application [Shankar Lal Yadav et al., 2023]. The added banana peel and eggshell mixture in T6 likely provided essential K for fruit filling and Ca for maintaining fruit firmness, culminating in the maximal yield observed.

Figure 1: Graph showing the effect of Integrated Nutrient Management (INM) Treatments on Yield Parameters of Okra[image: ]
Comparison of mean plant height (cm) and green pod yield (t ha⁻¹) across six INM treatments (T1–T6). 
Bars represent standard error (±SE) values.
Treatments sharing no common letter differ significantly (P ≤ 0.05).

4. DISCUSSION
The findings of this study confirm that Integrated Nutrient Management (INM), particularly the combination of 75% RDF with FYM, vermicompost, and the banana peel + eggshell mixture (T6), significantly enhances okra growth and yield over the conventional 100% RDF system. The superior performance of T6 can be attributed to the synergistic nutrient release pattern resulting from the integration of organic and inorganic nutrient sources.
4.1. Synergistic Effect of INM on Growth and Yield
The integrated application of FYM and vermicompost with reduced RDF improved plant height, leaf number, and yield parameters due to the continuous and balanced nutrient supply throughout the crop growth period. FYM supplies macronutrients and enhances soil aggregation, while vermicompost contributes readily available micronutrients, humic acids, and growth-promoting substances such as auxins and gibberellins. These interactions promote better root development and photosynthetic efficiency, leading to improved vegetative vigor and reproductive success.
Similar observations have been reported by Chowdhury et al. (2024) and Patel et al. (2024), who found that integrating chemical fertilizers with vermicompost significantly improved soil physical properties and crop performance in okra. The results also align with the findings of Shankar Lal Yadav et al. (2023), where INM treatments outperformed 100% RDF in both yield and quality traits.
4.2. Role of Organic Amendments in Soil Health Improvement
Organic manures such as FYM and vermicompost enhance soil fertility not only by supplying nutrients but also by stimulating microbial activity and enzymatic processes, which aid in nutrient mineralization and availability. The gradual release of nutrients from these organic sources maintains a steady supply of nitrogen and phosphorus, while also improving soil organic carbon and cation exchange capacity. Nabam et al. (2025) emphasized that long-term use of vermicompost improves the biological health of soils, resulting in better nutrient uptake and crop performance. Similarly, Sihag et al. (2025) demonstrated that combining FYM and vermicompost enhances soil structure and moisture retention, which are critical for sustainable okra production in semi-arid regions.
4.3. Contribution of Banana Peel and Eggshell Mixture (BEM)
The notable increase in yield under T6 compared with T5 (18.9 vs. 16.8 t ha⁻¹) highlights the importance of the Banana Peel and Eggshell Mixture (BEM).
Banana peel provides potassium (K), which is essential for enzyme activation, translocation of assimilates, and fruit enlargement, while eggshells supply calcium (Ca), which strengthens cell walls, improves pod firmness, and reduces post-harvest losses. The addition of these materials ensured an optimum balance of macro- and secondary nutrients, which enhanced pod weight and quality.
Aliyu (2024) also reported that calcium-rich organic inputs improve fruit integrity and plant resilience. The dual contribution of K and Ca from BEM in this study thus played a pivotal role in achieving superior yield and fruit quality in okra.
4.4. Environmental and Economic Implications
Beyond productivity, the adoption of INM offers significant environmental and economic advantages. Partial substitution of chemical fertilizers with on-farm organic resources such as FYM, vermicompost, and fruit waste reduces dependence on synthetic inputs, thereby lowering production costs and minimizing environmental pollution. The system also supports carbon sequestration and climate-resilient agriculture through enhanced soil organic matter content.
These results reinforce global agricultural sustainability goals by demonstrating that 75% RDF combined with organic manures can sustain or even enhance yield while reducing the negative ecological footprint of chemical fertilizers. For smallholder farmers, this approach provides a low-cost, locally adaptable nutrient management model that aligns productivity with soil health restoration.

5. CONCLUSION
The present study clearly demonstrates that Integrated Nutrient Management (INM) is a more effective and sustainable strategy than the sole application of chemical fertilizers for enhancing the growth, yield, and soil health of okra (Abelmoschus esculentus L.).
Among the six tested treatments, T6 (75% RDF + Farm Yard Manure + Vermicompost + Banana Peel and Eggshell Mixture) recorded the tallest plants (135.2 cm), maximum number of leaves (28.5 per plant), and highest marketable pod yield (18.9 t ha⁻¹). This performance was significantly superior to the conventional 100% RDF treatment, showing nearly 40% higher yield while using 25% less chemical fertilizer.
The findings confirm that partial substitution of inorganic fertilizers with organic inputs not only maintains but enhances productivity through improved nutrient use efficiency, soil microbial activity, and structure stability. The synergistic action between organic and inorganic sources ensures a steady nutrient supply, reduces environmental impact, and promotes long-term soil fertility.


Farmer-Oriented Recommendation
For practical field application under tropical and subtropical conditions, it is recommended that farmers adopt the following nutrient management schedule for okra cultivation:
· Apply 75% of the Recommended Dose of Fertilizer (100:50:50 N:P₂O₅:K₂O kg ha⁻¹) using Urea, SSP, and MOP.
· Supplement with 10 t ha⁻¹ Farm Yard Manure (FYM), 5 t ha⁻¹ Vermicompost (VC), and 1 t ha⁻¹ Banana Peel + Eggshell Mixture (BEM) prepared in a 3:1 ratio.
· Incorporate all organic manures into the soil one week before sowing for optimum mineralization and nutrient synchronization.
This combination ensures higher yield, lower chemical input, and improved soil quality, making it a climate-resilient and eco-friendly practice suitable for small and medium-scale okra growers in India and similar agro-climatic regions.
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