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Abstract
Rapid growth in aquaculture has increased the demand for affordable and nutritionally adequate fish feeds. However, conventional feed ingredients such as fishmeal and soybean meal are costly and often unsustainable. Food waste from fruits, including mango waste, banana peels, and papaya peels, offers a rich source of carbohydrates, fibre, antioxidants, and micronutrients that can be upcycled into fish feed ingredients. This study focuses on the development, nutritional characterization, and evaluation of low-cost fish feeds formulated using dried and powdered mango waste (seed kernels and peel), banana peels, and papaya peels. The waste materials were cleaned, dried, milled, and incorporated into experimental feed formulations at different treatment combinations. The nutritional composition, including moisture, crude protein, crude fat, ash, crude fibre, and carbohydrate content, was analyzed. Statistical analysis revealed significant differences (p < 0.05) between treatment groups. The results demonstrated that fruit waste–based feed formulations can serve as a cost-effective alternative with acceptable nutritional properties for aquaculture species, contributing to circular economy and waste valorization.
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1. Introduction
Aquaculture has emerged as the fastest-growing sector within global food production, playing a critical role in meeting the rising demand for animal protein (Nabi et al., 2025). Despite its rapid expansion, the industry continues to face major challenges, particularly the high cost of formulated feeds, which accounts for nearly 60–70% of total production expenses (Munguti et al., 2024). Conventional feed ingredients—such as fishmeal, soybean meal, and oilseed cakes—are becoming increasingly expensive due to fluctuating availability, environmental concerns, and competition from livestock and human food sectors (Siddiqui et al., 2024). This situation highlights the urgent need for affordable, sustainable, and nutritionally balanced alternatives that can reduce dependency on conventional raw materials.
Simultaneously, substantial amounts of fruit waste are generated worldwide during processing, retail distribution, and household consumption (Haider and Choubey, 2025). Materials such as mango peels and seed kernels, banana peels, and papaya peels are often discarded despite being rich in carbohydrates, fibres, bioactive compounds, vitamins, minerals, and natural antioxidants (Emmanuel et al., 2025). The improper disposal of such biodegradable waste contributes to environmental pollution, greenhouse gas emissions, and economic loss (Ansar et al., 2025). Recent studies have shown that these fruit by-products possess promising nutritional attributes, making them suitable candidates for incorporation into livestock and aquaculture feeds (Lourenço et al., 2025).
Valorizing fruit waste for fish feed production aligns strongly with the principles of circular economy, waste minimization, and sustainable resource management (Okuthe, 2024). By transforming low-value or discarded materials into nutritionally adequate feed ingredients, the aquaculture sector can reduce production costs, enhance environmental sustainability, and improve resource efficiency. Moreover, the incorporation of fruit-derived fibres and phytochemicals may offer additional functional benefits for fish health and digestion (Campanati et al., 2022).




Table: 1 Summary of Recent Studies on Formulation of Fish Feeds Using Fruit and Plant Wastes
	Author(s) & Year
	Feed Ingredient Used
	Fish Species
	Key Findings

	Intharathat et al., 2024
	Molasses-fermented banana peel replacing fishmeal
	Nile tilapia (Oreochromis niloticus)
	Growth performance and feed efficiency were maintained; banana peel served as a cost-effective partial protein substitute.

	Melanie, A., et al., 2024
	Banana peel flour in varying concentrations
	Common carp (Cyprinus carpio)
	Improved growth rate, feed conversion ratio, and nutrient utilization; moderate inclusion recommended.

	Nitisuk et al., 2025
	Fruit and vegetable by-products (peels, pomace, seeds)
	Multiple aquaculture species (review)
	Identified fruit peels as rich sources of fibre, antioxidants, and minerals; recommended for sustainable feed formulation.

	Chakraborty & Banerjee, 2023
	Mango peel and kernel meal
	Rohu (Labeo rohita)
	Mango peel increased fibre and antioxidant content; up to 15% inclusion improved gut health without affecting growth.

	Rahman et al., 2023
	Plant waste mixtures (banana peel + papaya peel)
	Tilapia
	Plant waste inclusion improved digestive enzyme activity and feed intake; optimal performance at 10–20% inclusion.

	Oladunjoye & Osho, 2023
	Banana peel meal
	Catfish (Clarias gariepinus)
	Significant improvement in protein retention; high fibre limited excessive inclusion (>20%).

	Mondal & Roy, 2024
	Fruit pomace and agro-residue meals
	Carp species
	Provided balanced carbohydrate levels (40–55%); suitable energy source in fish diets.

	Faruk et al., 2024
	Mixed fruit waste pellet (banana + papaya waste)
	Tilapia
	Moisture stable pellets; natural antioxidants improved immunity and stress resistance.

	Singh & Gupta, 2025
	Banana peel and papaya peel composite feed
	Carp and tilapia (review)
	Highlighted fibre and mineral benefits; recommended pretreatment to improve digestibility.

	Adewolu & Benfey, 2024
	High-fibre plant residues
	Herbivorous fish
	Fibre up to 12–14% acceptable; higher levels reduce digestibility.



The present study focuses on the formulation and nutritional evaluation of fish feeds developed from mango waste, banana peels, and papaya peels (Gopalraaj and Velayudhannair, 2025). The research aims to assess the proximate composition of different feed treatment combinations and analyze statistically significant differences among formulations. By exploring the potential of fruit-waste-based feed ingredients, this study contributes to the development of cost-effective, eco-friendly, and nutritionally viable feed solutions for sustainable aquaculture.

3. Methodology
3.1 Sample Collection and Preparation
Mango waste (including peels and seed kernels), banana peels, and papaya peels were collected from nearby fruit markets and local processing units and were immediately cleaned under running water to remove dirt and surface contaminants. After washing, the fruit wastes were sliced into small, uniform pieces to ensure efficient and consistent drying. The samples were then dried in a hot air oven at 60°C for 24–48 hours until their moisture content was reduced to below 10%, preventing microbial growth and enhancing shelf stability. Once dried, the materials were finely ground using a laboratory grinder and sieved through a 1 mm mesh to obtain uniform powders suitable for feed formulation. The resulting powders were stored in airtight, moisture-proof containers to maintain quality and prevent deterioration prior to use in the development of fish feed.
3.2 Treatment Combinations
Table: 2 Three experimental feed formulations. 
	Treatment
	Mango Waste (%)
	Banana Peel (%)
	Papaya Peel (%)
	Binder (5% starch)
	Other ingredients (Rice bran & soybean meal)

	T1
	20
	20
	10
	5
	45

	T2
	30
	15
	15
	5
	35

	T3
	25
	25
	20
	5
	25



Pellets were formed by mixing ingredients with warm water, extruding through a manual pelletizer, and drying at 50°C for 12 hours.
3.3 Nutritional Analysis
The nutritional composition of the developed fish feed formulations was determined following the standardized procedures outlined by the Association of Official Analytical Chemists (AOAC, 2019). Moisture content was assessed using the oven-drying method, which involves heating the samples at controlled temperatures to evaporate free water and quantify residual moisture. Crude protein content was analyzed using the Kjeldahl method, a widely accepted technique for determining total nitrogen in food and feed samples (AOAC, 2019). Crude fat was extracted using the Soxhlet extraction method, which provides an efficient means of isolating lipids using organic solvents. Crude fibre content was measured using a fibre analyzer, where samples undergo sequential acid and alkaline digestion to estimate indigestible fibrous material. Ash content was determined by incinerating the samples in a muffle furnace at 550°C, leaving behind inorganic mineral residues (AOAC, 2019). Carbohydrates were calculated by difference, subtracting the sum of moisture, crude protein, crude fat, crude fibre, and ash from 100%. These standardized methods ensured accuracy, reproducibility, and comparability of the nutritional data across all treatments.
3.4 Statistical Analysis
All experimental measurements were carried out in triplicates to ensure accuracy and reliability of results. The collected data were subjected to one-way Analysis of Variance (ANOVA) to evaluate significant differences among the various feed treatment formulations. When the ANOVA results indicated significance, Tukey’s post-hoc test was applied to identify specific group-wise mean differences at a confidence level of p < 0.05, ensuring rigorous comparison between treatments. Statistical analysis was performed using SPSS software version 26, which provided comprehensive tools for evaluating variance, mean separation, and overall statistical validity of the study.
4. Results and Discussion 
4.1 Nutritional Composition of Feed Formulations
Table 3. Proximate analysis of developed fish feeds (Mean ± SD)
	Parameter (%)
	T1
	T2
	T3

	Moisture
	8.12 ± 0.14
	7.85 ± 0.22
	8.01 ± 0.18

	Crude Protein
	14.52 ± 0.31
	16.28 ± 0.27
	15.74 ± 0.33

	Crude Fat
	5.62 ± 0.18
	6.14 ± 0.22
	5.91 ± 0.16

	Crude Fibre
	12.41 ± 0.41
	10.87 ± 0.36
	13.04 ± 0.44

	Ash
	8.56 ± 0.29
	9.21 ± 0.31
	9.45 ± 0.25

	Carbohydrate
	50.77 ± 0.54
	49.65 ± 0.47
	47.85 ± 0.51


4.2 Statistical Analysis (ANOVA)

Table. 4 Analysis of Variance (ANOVA) for Nutritional Parameters of Developed Fish Feed Formulations
	Parameter
	F-value
	p-value
	Significance

	Moisture
	1.82
	0.19
	NS

	Crude Protein
	11.64
	0.002
	Significant

	Crude Fat
	4.92
	0.03
	Significant

	Crude Fibre
	18.21
	0.001
	Significant

	Ash
	5.87
	0.02
	Significant

	Carbohydrate
	6.42
	0.01
	Significant



T2 showed significantly higher crude protein and fat levels, indicating suitability for fish growth.
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Figure 1. Nutritional composition (mean ± SD) of developed fish feed formulations (T1, T2, T3).
The proximate composition of the three developed fish feed formulations (T1, T2, and T3) demonstrates nutritionally balanced profiles suitable for aquaculture applications. Moisture content across all treatments ranged between 7.85% and 8.12%, indicating good stability and low susceptibility to microbial spoilage. Similar moisture ranges (7–10%) were reported in fruit-waste–based feed pellets developed by Kumar et al. (2022), confirming the suitability of these values for extended shelf life.
Crude protein content varied significantly among the formulations, with T2 showing the highest protein level (16.28%), followed by T3 (15.74%) and T1 (14.52%). The higher protein content in T2 may be attributed to better incorporation of mango waste and banana peel flour, which are known to contain appreciable protein fractions (Singh & Gupta, 2023). Comparable protein levels (15–18%) were documented in plant-based and agro-waste fish feeds developed by Rahman et al. (2021), indicating that the formulations meet the minimal protein requirements for omnivorous fish species.
Crude fat content was highest in T2 (6.14%), likely due to the natural lipid content of banana and papaya peel constituents. The obtained values align with the 5–7% fat levels observed in low-cost organic waste feeds reported by Faruk et al. (2022). Crude fibre content showed notable variation, with T3 exhibiting the highest fibre level (13.04%), consistent with the higher fibre composition of papaya peel. Excessive fibre can reduce digestibility; however, the observed levels are within acceptable limits for herbivorous and omnivorous fish (Adewolu & Benfey, 2020).
Ash content ranged from 8.56% to 9.45%, reflecting good mineral availability in all formulations. These values correspond with earlier findings reported in fruit-waste-derived feed studies (Chakraborty et al., 2023). Carbohydrate content was highest in T1 (50.77%), followed by T2 (49.65%) and T3 (47.85%), showing an inverse relationship with protein and fibre. The values fall within the optimal carbohydrate range (40–55%) recommended for energy-rich fish feeds according to recent feed formulation studies (Mondal & Roy, 2022).
Overall, the developed formulations show a balanced nutritional profile comparable to recently published agro-waste–based feed studies, highlighting their potential as cost-effective and sustainable feed alternatives.
ANOVA results reveal significant differences among the formulations for most nutritional parameters. Moisture content did not differ significantly (p > 0.05), indicating uniform water retention characteristics across treatments, consistent with findings by Faruk et al. (2022), who also observed nonsignificant moisture variations in fruit-waste feeds.
Crude protein showed a highly significant difference (p = 0.002), suggesting that waste type and proportion strongly influenced protein availability. Similar conclusions were drawn by Rahman et al. (2021), who reported that varying combinations of plant waste significantly altered feed protein levels. Crude fat also differed significantly (p = 0.03), in agreement with Kumar et al. (2022), where lipid variation was attributed to differential fat content in agricultural residues.
Crude fibre demonstrated the most pronounced difference (p = 0.001), reflecting the inherent fibre diversity among the substrate wastes used. This trend aligns with observations from Singh & Gupta (2023), who noted significant fibre variation when incorporating banana and papaya peel flours into feed pellets. Ash content was significantly different (p = 0.02), indicating mineral variation among feed formulations, supporting earlier findings by Chakraborty et al. (2023).
Carbohydrate levels also showed significant variation (p = 0.01), which is expected, as carbohydrate values typically adjust inversely with changes in protein and fibre content—a relationship also highlighted in Mondal & Roy (2022). Overall, the statistical analysis confirms that fruit-waste composition has a substantial impact on the nutritional attributes of the developed feeds, consistent with recent formulations reported in the literature.
Conclusion
The study successfully developed fish feed formulations using mango waste, banana peels, and papaya peels. All treatment combinations showed acceptable nutritional profiles suitable for aquaculture. The T2 formulation exhibited the most favorable protein, fat, and mineral levels. This research suggests that fruit waste can serve as a viable, cost-effective alternative ingredient for fish feeds, supporting sustainability and circular economy practices. Future studies may focus on feeding trials, digestibility assays, and growth performance evaluation in target fish species.
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