EVALUATION OF FISH SILAGE AS AN ALTERNATIVE PROTEIN SOURCE FOR FISH MEAL REPLACEMENT IN DIETS FOR PACU, Piaractus brachypomus (CUVIER, 1818) FINGERLINGS
Abstract

This study evaluated fish silage as an alternative protein source for replacing fish meal in the diet of pacu fingerlings (Piaractus brachypomus). A 90-day feeding trial involving fifteen experimental tanks was conducted to rear pacu fingerlings. These tanks were assigned to five dietary treatments, with three replicates for each treatment. The treatments were: Control (100% fish meal), T1 (25% replacement of fish meal protein with fish silage), T2 (50% replacement), T3 (75% replacement), and T4 (100% replacement). Fifteen healthy fingerlings were introduced into each aerated tank and fed the experimental diets twice daily at a rate of 5% of their body weight throughout the experiment. The prepared fish silage achieved a pH level of 3.5 after a 30-day ensiling period, indicating its effective preservation and suitability as an ingredient for aquafeed. Water quality parameters such as temperature, pH, dissolved oxygen, total dissolved solids (TDS), total ammonia and nitrite were monitored weekly and no significant differences (p>0.05) were observed among the various groups. The growth parameters evaluated were: body length, weight, percentage weight gain (WG %), specific growth rate (SGR), feed conversion ratio (FCR), protein efficiency ratio (PER), and survival rate. The results revealed significant (p<0.05) differences in growth and survival among the various dietary treatments. Treatment T2, in which 50% of the fish meal was substituted with fish silage, exhibited the highest final body length (10.26±0.03 cm) and body weight (25.87 ± 0.04 g), percentage weight gain (871.54±35.19%), SGR (2.16±0.04%/day), PER (0.72 ± 0.06), and survival rate (97.08±0.75%), as well as the lowest FCR (2.18±0.01) compared with the control and other treatment groups. The experiment concluded that fish silage can replace up to 50% of fish meal protein in the diet of P. brachypomus fingerlings without adversely affecting growth performance.
Keywords: Fish silage; fish meal replacement; Piaractus brachypomus; aquafeed; growth performance; feed conversion ratio; protein efficiency ratio; survival rate; water quality; sustainable aquaculture.
Introduction
The growing global population and the demand for high-quality food have placed increasing pressure on agriculture and traditional food production methods. In this context, aquaculture has emerged as one of the fastest-growing sectors in food production, playing a pivotal role in ensuring global food and nutritional security. Beyond providing nutritious food, aquaculture has significantly contributed to creating employment opportunities and alleviating poverty in both coastal and inland regions. The global production from fisheries and aquaculture has reached an all-time high, with aquaculture accounting for more than half of the aquatic animal production intended for human consumption (FAO, 2026). This rapid expansion has increased the need for sustainable production practices and efficient feed management strategies to maintain continuous growth. India is one of the world's leading nations in fish farming and aquaculture production after China and plays a vital role in the national economy by providing sources of income, employment, and food security (Department of Fisheries, 2025). Economic viability in aquaculture production depends largely on feed supply and costs, as feed alone accounts for approximately 50–60% of the total production cost (Ragasa et al., 2022). This situation has created an urgent need to explore alternative feed ingredients that are economically viable, environmentally friendly, and nutritionally effective. Since protein influences fish growth and feed utilisation efficiency, it is the most critical and expensive component of aquatic diets. Fish meal is considered the best source of protein due to its excellent digestibility, balanced amino acid profile, and palatability (Hussain et al., 2024). However, the sustainability of fish meal has
become a major issue due to rising demand and decreasing supplies. Although global fish meal production has remained relatively stable, rising demand within the aquaculture industry has led to the depletion of marine fish resources and increased feed costs (Majluf et al., 2024; Tacon & Metian, 2008). These challenges have accelerated the search for alternative protein sources for aquaculture. Recent reviews have also emphasised that the suitability of fish meal substitutes is species-specific and inclusion-level dependent, as excessive substitution may reduce growth, feed use or physiological performance (Serra et al., 2024). Fish silage is one of several highly promising options that is produced by fermenting whole fish or fish processing waste, or by adding acid, a process that breaks down proteins into amino acids (Maksimenko et al., 2024; Raziye et al., 2023). Fish silage is rich in proteins, lipids, minerals, and essential fatty acids, which aid in fish growth and nutrient absorption (Vidotti et al., 2002). Beyond its nutritional benefits, fish silage offers a sustainable method for managing fish processing waste and mitigating pollution caused by fish by-products (Rustad, 2003; Santana et al., 2023). Numerous studies indicate that fish silage can be effectively incorporated into aquafeed without adversely affecting fish growth (Abd El-Hakim et al., 2007). More recent feeding trials similarly indicate that fish silage and other alternative animal protein ingredients require evaluation through growth, feed-utilisation and survival responses before practical inclusion levels are recommended (Patel et al., 2025; Rachmawati et al., 2025; Cruz-López et al., 2025). The red-bellied pacu (Piaractus brachypomus) is an emerging aquaculture species that has recently attracted significant attention due to its rapid growth potential, hardiness, and consumer preference. It is highly suitable for evaluating alternative protein sources because it is omnivorous (consuming both plant and animal matter) and adaptable to a wide range of feeds (Ferreira et al., 2023; Bicudo et al., 2010). However, information on appropriate fish silage inclusion levels in diets for P. brachypomus fingerlings remains limited under controlled tank conditions. Therefore, the objective of this study was to evaluate fish silage as a potential alternative to fish meal for pacu fingerlings.
2. MATERIALS AND METHODS

2.1. Experimental animal
Healthy fingerlings of P. brachypomus with an average weight of 2.58 ± 0.03 g and an average length of 4.24 ± 0.02 cm were obtained from the Tamsha Fish Seed Production Center, Bikapur, Ayodhya, Uttar Pradesh. These fish were acclimatised for fifteen days in 150-L FRP tanks filled with aerated fresh water. Prior to the start of the experiment, and throughout this acclimatisation period, the fish were fed a commercial feed containing 32% crude protein twice
daily. To reduce stress, waste materials such as faeces and uneaten feed were regularly removed, the water was changed daily, and continuous aeration was maintained.
2.2 . Preparation of fish silage and proximate analysis
Fish silage was prepared using the organic acid method, with fish waste (such as viscera, gills, tails, and heads) collected from the local market. The collected fish waste was thoroughly washed with tap water to remove impurities; subsequently, the washed waste was finely ground to facilitate the action of acids and enzymes. Then, 3% (w/v) formic acid was added to the ground fish waste, bringing the mixture pH level to 3.5. This pH level inhibited bacterial growth while promoting autolysis (a self-breakdown process) driven by enzymatic reactions. To prevent lipid oxidation or rancidity, butylated hydroxytoluene (BHT) was added to the acid-treated sample as an antioxidant at a concentration of 250 mg/L (Haider et al., 2016). Subsequently, the sample was stored in a glass bottle at room temperature (approximately 28-30 °C) for 30 days. To ensure uniform distribution of the acid and facilitate tissue digestion, the sample was mixed daily during storage. The pH was maintained at 3.5 by monitoring it and making the necessary adjustments at regular intervals. Initially, the mixture was semi-solid in consistency. After three to four days, the process of liquefaction began due to the action of endogenous proteolytic enzymes. This liquefaction process was complete by the end of the storage period. These results demonstrated that the silage had been successfully prepared and could be incorporated into the experimental diet. Standard AOAC (1995) techniques were employed to determine the proximate composition of the dried fish silage (Table 1). Carbohydrate content was calculated by difference using the following equation: Carbohydrate (%) = 100− (Crude protein + Crude lipid + Total ash).
     Table 1. Proximate composition of fish silage (g/100 g dry matter)
	Parameters
	Value (g/100 g)

	Moisture
	7.97 ± 0.41

	Crude protein
	53.28 ± 0.36

	Crude lipid
	4.54 ± 0.12

	Total ash
	9.24 ± 0.18

	Carbohydrate
	32.94 ± 0.39



2.3. Diets
Five isoproteinaceous (32% CP) and isolipidic (9%) diets were formulated. The control diet was prepared without fish silage; it contained 100% fish meal and 0% fish silage. Four test diets were prepared with varying levels of fish silage: 25%, 50%, 75%, and 100% with corresponding fish meal levels of 75%, 50%, 25%, and 0%, respectively. The diets were formulated to allow for partial or complete substitution relative to the control diet. Locally available ingredients were used to prepare the diets (Table 2). The control diet was formulated to meet the specific nutritional requirements of P. brachypomus by providing the necessary nutrients in appropriate quantities. The diets were produced as 2 mm diameter pellets and sun-dried. The dried feed pellets were stored in polyethylene bags at 4°C.







Table 2. Experimental diet formulation for P. brachypomus fingerlings (g/100 g)

	Sr.
No.
	Ingredients 
	
	
	Treatments
	
	

	
	
	C
	T1
	T2
	T3
	T4

	1.
	Rice bran
	28
	27
	27
	27
	27

	2.
	Groundnut oil cake
	15
	15
	15
	15
	15

	3.
	Soybean meal
	20
	20
	20
	20
	20

	4.
	Maize
	10
	11
	11
	11
	11

	5.
	Fish meal
	20
	15
	10
	5
	0

	6.
	Fish silage
	0
	5
	10
	15
	20

	7.
	Vitamin-mineral mix
	5
	5
	5
	5
	5

	8.
	Vegetable oil
	2
	2
	2
	2
	2



2.4. Experimental strategy
A growth trial was conducted to evaluate fish silage as a substitute for fish meal during the experimental period. Before commencement of the trial, the experimental fish were kept in a tank for a two-week acclimatisation period and fed a control diet. A total of 225 P. brachypomus fingerlings were randomly distributed among fifteen experimental tanks (190 L capacity); their initial average weight was 2.58 ± 0.03 g and length was 4.24 ± 0.02 cm. To maintain water quality during the 90-day growth trial, 50% of the water was replaced every other day. During the experiment, the treatment groups were fed five types of isonitrogenous (32%) and isolipidic (9%) diets. The fish were fed twice daily at 10:00 AM and 4:00 PM at a rate of 5% of their biomass per tank, on an ad libitum basis. Temperature, pH, dissolved oxygen, and total dissolved solids (TDS) were measured weekly using a Hanna Instrument (HI98130), while total ammonia and nitrite were measured daily using a Hanna Aquaculture Photometer (HI83303) and maintained within appropriate ranges in accordance with APHA (2022) guidelines throughout the experimental period.
2.5. Growth and survival parameters
The growth performance of the fish was assessed fortnightly during the trial. Fish from each tank were weighed in groups. A digital scale with an accuracy of 1 g was used to record body weight, and a scale with a minimum graduation of 0.1 cm was used to measure total length. Throughout the trial, the fish were regularly monitored to evaluate their growth performance and

overall health. At the end of the experiment, the survival rate (%) was calculated as the percentage of fish that survived relative to the initial number of fish stocked. The formulae below were used to determine growth and feed utilisation characteristics based on the observed data:
Weight Gain (%) = [(Final body weight − Initial body weight) × 100] / Initial body weight Specific Growth Rate (SGR, % day⁻¹) = [(ln Final body weight − ln Initial body weight) × 100] / Experimental duration (days)
Feed Conversion Ratio (FCR) = Dry weight of feed consumed (g) / Wet weight gain of fish (g)
Protein Efficiency Ratio (PER) = Net wet weight gain of fish (g) / Protein intake (g)
Survival Rate (%) = (Number of fish survived / Number of fish stocked) × 100
2.6. Statistical analysis
One-way analysis of variance (ANOVA) was used to assess the effect of replacing varying levels of fish meal (0%, 25%, 50%, 75%, and 100%) with fish silage in the diet of pacu. Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 20.0 (SPSS Inc., Chicago, IL, USA) to determine significant differences among treatment means for all measured parameters. Where significant differences were found, the Duncan's multiple range test (DMRT) was employed for post hoc comparison of treatment means at a significance level of p<0.05.
3. Results and Discussion
3.1. Physical Characteristics and pH of Fish Silage
The fish silage underwent several physical and biochemical changes over a 30-day ensiling period. Initially, the thick, semi-solid silage contained fish tissues and other waste, but over time, processes of hydrolysis and acidification broke it down into a homogeneous material. By the end of the process, the silage had transformed into a soft paste or a light liquid, ranging in colour from brown to dark brown, and emitted a fermentation odour. These physical changes indicate successful solubilization and hydrolysis of fish tissue components during silage preparation. The final pH of the prepared fish silage was recorded as 3.5, demonstrating effective acidification and favourable preservation conditions. Maintaining silage pH below 4.5 is considered essential for restricting microbial proliferation and maintaining product stability. Similar observations regarding texture transformation and acidification during fish silage preparation were reported by Palkar et al. (2017) and Santana et al. (2023). Soltan and Tharwat (2006) also observed the formation of a brown, semi-liquid product following successful silage

production. Espe and Lied (1999) reported that maintaining acidic conditions enhances both the quality of the silage and its preservation stability. The observed drop in pH can improve the digestibility of fish silage and its utility as a protein substitute in aquafeed; furthermore, it facilitates the breakdown of complex proteins into smaller peptides and amino acids (Maksimenko et al., 2024; Khajuria et al., 2026).
3.2. Physico-chemical Parameters of Water
The physicochemical parameters such as temperature, pH, dissolved oxygen (DO), total dissolved solids (TDS), total ammonia (TAN), and nitrite were monitored during the experimental period. Statistical analysis revealed no significant difference (p>0.05) among the treatment and control groups for any water quality parameter, indicating that the inclusion of fish silage in the diet did not adversely affect the rearing environment. Water temperature ranged from 18.38±0.01 to 28.83±0.04°C and remained relatively consistent across the different treatments (Fig. 1a). Maintaining an optimal temperature supports growth, as temperature directly regulates metabolic activity, feed intake, digestion, and overall physiological functioning in fish (Volkoff & Rønnestad, 2020). In this experiment, the lower water temperature was recorded during the winter season, which likely reduced the fish's metabolic rate and feed intake, thereby affecting their growth and other physiological functions. These findings are consistent with the study by Favero et al. (2022), which observed that while higher water temperatures promote better growth and overall fish performance, lower temperatures diminish growth performance and physiological responses due to reduced metabolic activity and feed intake. Similar results were reported by Khan et al. (2021) and Lunghar et al. (2025) who observed no significant temperature-related variations when fish silage was included in the fish diet. The water pH remained within the range of 7.53±0.01 to 8.94±0.01 throughout the culture period (Figure 1b), indicating stable water quality and adequate buffering capacity of the culture system. Minor decreases in pH may be associated with CO₂ release resulting from fish respiration and metabolic activities, whereas slight increases could be attributed to the natural buffering action of the water (Fang et al., 2023). A pH range of 6.5-9.0 is considered suitable for freshwater fish culture (Boyd & Tucker, 1998). Pellegrin et al. (2020) reported optimum growth performance of Piaractus mesopotamicus at pH 8.5, while survival remained unaffected across the tested pH levels. Throughout the culture period, the water pH ranged between 7.53±0.01 and 8.94±0.01 (Fig. 1b), indicating stable water quality and adequate buffering capacity of the culture system.

The acidic nature of fish silage can lead to a slight decrease in pH; additionally, the release of carbon dioxide, fish respiration, and metabolic processes can also cause pH fluctuations, whereas the natural buffering effect of water may result in a slight increase in pH (Fang et al., 2023). A pH range of 6.5 to 9.0 is considered suitable for rearing freshwater fish (Boyd & Tucker, 1998). Pellegrin et al. (2020) found that P. mesopotamicus exhibited optimal growth at pH 8.5, with an unaffected survival rate. Similarly, Yahiya et al. (2020) found that P. brachypomus kept at a neutral pH exhibited normal behavior and higher survival rates, whereas fish kept in acidic (pH 6) and highly alkaline (pH 9-10) conditions showed issues such as behavioral abnormalities, reduced feed intake, physiological stress, and higher mortality. Likewise, Witschi and Ziebell (1979) observed that the survival rate of rainbow trout gradually declined as the pH increased, with total mortality occurring at pH 10; this highlights the importance of maintaining pH within a specific range for the successful development of fish. Dissolved oxygen (DO) concentrations ranged from 5.56±0.02 to 8.35±0.03 mg/L throughout the culture period (Fig. 1c), remaining within the acceptable range for fish culture. The stable DO levels indicate that the inclusion of fish silage in the diet did not deteriorate water quality or increase biological oxygen demand (BOD). As oxygen solubility decreases with rising temperature because of increased molecular mobility and reduced intermolecular space, fluctuations in DO may be linked to changes in water temperature (Rajwa et al., 2014; Khani et al., 2017). Since oxygen directly affects fish respiration, metabolism, feed utilisation, growth, and survival, maintaining an adequate level of dissolved oxygen (DO) in the water is crucial. Boyd (2011) states that DO levels should generally not fall below 50% saturation (i.e., approximately 4-5 mg/L) for freshwater fish farming. Similarly, Banerjea (1967) and Bhatnagar and Singh (2010) reported that DO levels should exceed 5 mg/L for optimal fish production, as lower levels can retard growth and increase physiological stress. According to Bhatnagar et al. (2004), DO levels below 1 mg/L can be lethal, while levels between 1 and 3 mg/L can adversely affect fish growth and feed utilisation. Total dissolved solids (TDS) levels ranged from 373±4.16 to 428±3.60 mg/L, with no significant differences (p>0.05) observed among the various treatments (Fig. 1d). TDS represents the total concentration of dissolved organic matter and inorganic salts in water (Sherrard et al., 1987). The observed TDS levels remained below the recommended maximum limit of 500 ppm and within the acceptable range for freshwater culture (150-500 mg/L) (DeZuane, 1997). Hossain et al. (2018) found that TDS levels in the aquaculture system remained within

permissible limits and did not adversely affect fish performance. Regular siphoning and effective tank management prevented the accumulation of dissolved waste and maintained water quality, likely keeping TDS levels stable. Maintaining TDS within the optimal range ensures proper osmoregulation, nutrient absorption, and normal physiological processes in the fish. Due to the negligible impact of the treatment, total ammonia levels remained low (0.11±0.01–0.23±0.02 mg/L), indicating efficient nitrogen utilisation and minimal accumulation of harmful metabolites (Fig. 1e). Similarly, nitrite levels during the culture period remained low (0.02±0.003–0.06±0.015 mg/L), indicating stable nitrification and effective water quality control (Fig. 1f). The low levels of ammonia and nitrite were likely attributable to regular tank siphoning and minimal accumulation of organic waste. pH significantly influences ammonia toxicity; alkaline conditions increase the concentration of harmful un-ionized ammonia, whereas acidic conditions reduce its toxicity (Copatti et al., 2019; Pellegrin et al., 2020). It is crucial to keep ammonia and nitrite concentrations within tolerable limits because higher levels can cause respiratory difficulties, reduced feed intake and growth, physiological stress, and increased mortality. Total ammonia concentrations below 0.2 mg/L are considered suitable for pond fish culture (Bhatnagar & Singh, 2010), while concentrations above 0.1-0.3 mg/L may cause sublethal effects (EIFAC, 1970; Robinette, 1976). Nitrite levels below 0.2–0.5 mg/L are generally considered safe for warm water fishes (OATA, 2022; Santhosh & Singh, 2007).
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Fig. 1. Water quality parameters recorded under different treatments during the experimental period: (a) Temperature (°C), (b) pH, (c) Dissolved Oxygen (DO; mg/L), (d) Total Dissolved Solids (TDS; mg/L), (e) Total Ammonia (mg/L), and (f) Nitrite (mg/L)


3.3. Fish Survival, Growth, and Nutrient Utilisation

A significant difference (p<0.05) was observed in the survival rate (%) of P. brachypomus fed varying levels of fish silage as a replacement for fish meal in the experimental diets (Table 3). In the T2 treatment, where 50% of the fish meal was substituted with fish silage, the survival rate (97.08±0.75%) was higher compared to other treatments, attributed to the higher content of easily digestible proteins and amino acids (Fagbenro et al., 1994; Fagbenro & Jauncey, 1995). Similar results were reported by Majumdar et al. (2013), who found that fish silage had no significant effect on the survival of Rohu fish. In contrast, Güllü et al. (2014) found that rainbow trout exhibited 100% survival even when their diet contained up to 60% fish silage. According to Shao et al. (2019), the highest survival rate in L. vannamei was observed when they were fed low levels of fish silage. Similarly, Abd El-Hakim et al. (2007) found that Nile tilapia exhibited good survival rates (96-100%) when fed varying levels of fish silage. The reduced survival rate in the T4 group demonstrates that excessive replacement of fish meal can disrupt nutritional balance and adversely affect fish performance. Throughout the experiment, the weight and length of P. brachypomus fingerlings were measured at 15-day intervals (Figs. 2 and 3) with no statistically significant variances (P>0.05) observed in initial weight (2.58±0.03 g) and length (4.24±0.02 cm) across treatment groups. A notable significant differences (p<0.05) were observed in the body weight and length among all experimental groups on the 15th, 30th, 45th, 60th, 75th and 90th days. The effects of dietary fish silage incorporation on the growth performance and nutrient utilisation of P. brachypomus are presented in Table 3. The results showed that the T2 treatment (50% replacement of fish meal with fish silage) exhibited superior growth performance compared to the control and other treatment groups, achieving the highest final body weight (25.87 ± 0.04 g) and final body length (10.26 ± 0.03 cm). This was followed by T1, the control and T3, while the lowest values were recorded in T4 (100% replacement of fish meal with fish silage). Similarly, percentage weight gain (%WG) was highest in the T2 group compared with all other treatments and the control group. The Specific Growth Rate (SGR) was also highest in T2 and was statistically similar (p>0.05) to that of T1. The control and T3 groups exhibited significantly lower SGR than T2 and T1; however, they were statistically similar to each other and performed better than T4. Overall, the lowest growth performance was observed in the T4 group. The superior growth observed in the T2 group was likely due to the biochemical properties of fish silage specifically, hydrolysed proteins, short-chain peptides, and free amino acids which enhance nutrient digestion and absorption (Olsen & Toppe, 2017; Toppe et al., 2018). Partial replacement of fish meal appears to improve nutrient availability and metabolic efficiency, resulting in enhanced somatic growth. Fagbenro et al. (1994) and Fagbenro and Jauncey (1995) reported similar findings, showing that growth performance in Oreochromis niloticus and Clarias gariepinus improved with the moderate addition of fish silage. Similarly, Madage et al. (2015) found that replacing fish meal with fish silage increased the final body weight of red tilapia by 50%. Further evidence of the beneficial effects of moderate silage inclusion on skeletal and tissue development is provided by the greater body length observed in the T2 group. Similarly, Soltan and Tharwat (2006) found that fish fed low levels of silage and control diets exhibited greater body length compared to those fed at higher replacement levels. Studies by Vidotti et al. (2002), Arruda et al. (2009), and Güllü et al. (2014) indicate that fish silage can effectively replace a portion of the fish meal without negatively affecting growth. Soltan et al. (2008) found that partially replacing fish meal with fish silage resulted in improved growth; the best Specific Growth Rate (SGR) was observed in rainbow trout fed a diet containing 20% fish silage. Gonçalves et al. (1989), Nwanna and Daramola (2001), and Shao et al. (2019) reported similar growth trends with moderate inclusion levels of fish silage. Conversely, the reduced growth observed in treatments T3 (75% replacement) and T4 (100% replacement) indicates that high levels of fish meal replacement adversely affected feed efficiency and nutritional balance. High levels of fish silage can alter the amino acid composition of the diet, reduce feed palatability due to increased acidity, and limit the availability of nutrients essential for growth. Bromley and Smart (1981), Hardy et al. (1984), Jackson et al. (1984), Wilson et al. (1984), and Stone et al. (1989) demonstrated a similar decline in growth performance as the level of silage increased. However, Abd El-Hakim et al. (2007) found that Nile tilapia could completely replace fish meal without adverse effects, indicating species-specific tolerance to the use of fish silage. Furthermore, there was a significant difference (p<0.05) in feed utilisation indices among the various treatments. Treatment T2 exhibited the highest Protein Efficiency Ratio (PER) and the lowest Feed Conversion Ratio (FCR), indicating superior feed utilisation and protein conversion efficiency. The enhanced FCR and PER observed in T2 may be associated with increased digestibility and availability of hydrolysed proteins and free amino acids present in fish silage, resulting in more efficient nutrient assimilation and growth. Similar improvements in FCR upon the inclusion of moderate levels of fish silage have been reported by Plascencia-Jatomea et al. (2002), Soltan and Tharwat (2006), Majumdar et al. (2013), Madage et al. (2015), and Güllü et al. (2014). Similar findings regarding PER were reported by Fagbenro et al. (1994), Soltan and Tharwat (2006), and Madage et al. (2015) indicating enhanced protein utilisation with the inclusion of low to moderate levels of fish silage. According to Vidotti et al. (2002) and Arruda et al. (2009), the inclusion of fish silage did not have any significant adverse effects on feed efficiency parameters in fish.
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Fig. 2. Average weight (g) of P. brachypomus fingerlings of different feeding treatments during the 90-day experiment
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Fig. 3. Average length (cm) of P. brachypomus fingerlings of different feeding treatments during the 90-day experiment

Table 3. Growth performance and survival of P. brachypomus under different feeding treatments

	Parameters
	
	
	Treatments
	
	

	
	C
	T1
	T2
	T3
	T4

	Initial weight (g)
	2.59±0.05
	2.59±0.09
	2.67±0.09
	2.53±0.05
	2.51±0.08

	Final weight (g)
	20.04±0.10c
	22.60±0.01b
	25.87±0.04a
	17.73±0.02d
	15.46±0.03e

	Initial length(cm)
	4.23±0.06
	4.32±0.02
	4.25±0.05
	4.21±0.02
	4.23±0.06

	Final length (cm)
	8.80±0.03c
	9.68±0.02b
	10.26±0.03a
	8.08±0.03d
	8.04±0.05d

	Weight gain (%)
	674.50±14.48c
	774.94±31.52b
	871.54±35.19a
	601.48±15.21c
	516.45±21.03d

	SGR (% day⁻¹)
	1.94±0.02b
	2.06±0.03a
	2.16±0.04a
	1.84±0.02b
	1.71±0.04c

	FCR
	2.59±0.02b
	2.37±0.02c
	2.18±0.01d
	2.66±0.06b
	2.87±0.03a

	FER
	0.39±0.02c
	0.42±0.04b
	0.46±0.06a
	0.38±0.01c
	0.35±0.03d

	PER
	0.55±0.02c
	0.62±0.03b
	0.72±0.06a
	0.47±0.01d
	0.41±0.01e

	Survival rate (%)
	92.33±1.20b
	94.33±2.08ab
	97.08±0.75a
	89.97±1.54b
	80.67±0.51c


Data expressed as Mean±SE (n=3); different superscripts in a row indicate values with significant differences at p<0.05, while values without superscripts show no significant difference at p>0.05; C= Control (0% fish silage), T1= 25% fish silage substitution, T2= 50% fish silage substitution, T3= 75% fish silage substitution, T4= 100% fish silage substitution

Conclusion
This study showed that fish silage can be used as a partial replacement for fish meal in diets for Piaractus brachypomus fingerlings under controlled tank conditions. Among the five dietary treatments, the diet with 50% replacement of fish meal protein by fish silage produced the most favourable growth and feed utilisation responses. This treatment recorded the highest final weight and length, weight gain, specific growth rate, protein efficiency ratio and survival, while also showing the lowest feed conversion ratio. The monitored water quality parameters remained within acceptable ranges throughout the trial, indicating that the dietary inclusion of fish silage did not adversely affect the rearing environment. In contrast, higher replacement levels of 75% and 100% resulted in reduced growth and poorer feed utilisation, suggesting that complete replacement may compromise dietary balance for this species. Therefore, replacing up to 50% of fish meal protein with fish silage may be considered suitable for pacu fingerling feed formulation, subject to further validation under broader culture and feeding conditions.
Limitations
The study was limited to a 90-day tank-based feeding trial under controlled conditions. Although growth, survival, feed conversion, and water quality were evaluated, the manuscript does not include proximate composition, amino acid profile, microbial safety, lipid oxidation status, or digestibility data for the prepared fish silage and experimental diets. Carcass composition and economic analysis were also not included. Further studies incorporating these assessments would strengthen the interpretation of the feeding response. Therefore, the findings should be interpreted as preliminary evidence for partial replacement of fish meal with fish silage in pacu diets.
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