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Effect of Spirulina Meal on Growth Performance, Feed Utilization and Survival in Milkfish (Chanos chanos) fry

Abstract
The increasing demand for sustainable aquafeed ingredients has encouraged the evaluation of alternative protein sources to fishmeal. Spirulina meal (SPM), a nutrient-rich microalgal ingredient, has the potential to serve as a fishmeal substitute; however, its effects on milkfish (Chanos chanos) under brackish-water conditions require further investigation. This study evaluated the effects of dietary SPM inclusion on growth performance, feed utilisation and survival of milkfish fry reared at 10 ppt salinity. A 90-day feeding trial was conducted using three experimental diets containing 0% (T1), 20% (T2), and 40% (T3) SPM as a replacement for fishmeal. The experiment comprised three replicate tanks per treatment, with 10 fish per tank. Fish were fed three times daily at 6% of body weight, and growth performance, feed utilisation, survival and water quality were monitored. Significant differences were observed in final body weight, weight gain, percentage weight gain, average daily gain, and specific growth rate among dietary treatments (P < 0.001). Final body weight increased from 10.28 ± 0.11 g in T1 to 12.17 ± 0.12 g in T2 and 13.36 ± 0.12 g in T3. The feed conversion ratio decreased significantly from 1.710 ± 0.020 in T1 to 1.540 ± 0.044 in T3 (P = 0.003), while feed conversion efficiency increased from 58.48 ± 0.69% to 64.97 ± 1.81%. Survival ranged from 80.00 ± 5.00% to 86.67 ± 5.77%, with no significant differences among treatments (P = 0.394). Overall, the results indicate that increasing dietary SPM inclusion up to 40% was associated with improved growth performance and feed utilisation without a statistically significant reduction in survival. Spirulina meal, therefore represents a promising alternative ingredient for milkfish diets under the tested brackish-water conditions.
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Introduction
The development of balanced, economically feasible, and environmentally sustainable aquafeeds has increased interest in alternative protein sources as substitutes for fishmeal (FM). Fishmeal has traditionally been an important aquafeed ingredient because of its favourable amino acid profile, high digestibility, palatability and micronutrient content. However, dependence on finite marine resources, fluctuations in availability and price, and concerns regarding forage-fish exploitation have encouraged the search for sustainable alternatives (Tacon & Metian, 2015; Naylor et al., 2021). Consequently, researchers have investigated plant, animal, microbial, insect and algal ingredients as potential substitutes for conventional fishmeal-based diets.
Among these alternatives, microalgae have attracted considerable attention because they provide protein, essential amino acids, polyunsaturated fatty acids (PUFAs), vitamins, minerals, pigments and other bioactive compounds (Shah et al., 2018; Zhang et al., 2020; Ahmad & Ashraf, 2023; Ma & Hu, 2024; Hachimi Alaoui et al., 2026). Their nutritional value and potential for controlled cultivation make microalgal biomass a promising resource for sustainable aquafeed development. Spirulina is particularly important because its biomass contains high levels of protein, essential amino acids, fatty acids, vitamins, minerals, carotenoids and phycocyanin (Spínola et al., 2024; Kumar et al., 2022). Dietary Spirulina has been associated with improved growth, feed utilisation, antioxidant activity, immune responses, pigmentation and stress tolerance in several fish and shrimp species (Alagawany et al., 2021; Carneiro et al., 2022; Zhang et al., 2024). Thus, Spirulina meal (SPM) may function not only as a protein source but also as a source of functional nutrients that support fish performance. Recent reviews have also identified Spirulina as a potential source of dietary protein and functional nutrients in aquaculture feeds, while recognising that its use requires appropriate diet formulation (Ringø, 2025; Pratiwi & Ernawati, 2026).
Evidence from different aquaculture species supports the potential use of SPM as a fishmeal substitute. A meta-analysis by Li et al. (2022) indicated that SPM could replace approximately 22.03–24.53% of the diet as SPM in fish diets without adverse effects on growth and feed utilisation, although the relatively high cost of SPM remains an important consideration for practical application (Li et al., 2022). Other studies have reported that moderate Spirulina inclusion can maintain or improve growth and physiological responses, although optimal levels vary according to species and dietary formulation (Carneiro et al., 2025; Roohani et al., 2019). Therefore, a 20% fishmeal replacement level is biologically relevant and close to the range identified by Li et al. (2022), while a higher 40% fishmeal replacement level can determine whether increased Spirulina incorporation provides additional benefits or negatively affects growth and survival. In golden grey mullet larvae, partial replacement of squid meal with Spirulina in formulated weaning diets maintained growth and survival relative to the control, providing evidence from another cultured fish species without establishing equivalent responses in milkfish (Monzón et al., 2026).
Milkfish (Chanos chanos) is a widely cultured species widely cultured throughout Southeast Asia. It tolerates diverse culture environments, including freshwater, brackish-water, estuarine, and coastal systems, and can be cultivated in ponds, pens, cages, and other systems (Borlongan & Satoh, 2001; Jana et al., 2006). The species contributes to affordable animal protein, food security and the livelihoods of aquaculture-dependent coastal communities (Mulyani et al., 2023; Batilong et al., 2026). Its tolerance to varying salinities makes environmental salinity an important consideration when evaluating dietary performance. A separate feeding study in milkfish fingerlings demonstrated that changes in dietary formulation through phytase supplementation influenced growth and feed utilisation, supporting the relevance of species-specific dietary evaluation (Rachmawati et al., 2024).
Despite the growing interest in Spirulina as an alternative aquafeed ingredient, information on the use of SPM in milkfish remains limited, particularly under defined brackish-water conditions. Species-specific responses cannot necessarily be extrapolated from other fish because nutrient requirements, digestive physiology, diet composition, and culture conditions differ among species. Evaluating SPM in milkfish can therefore help address this knowledge gap and contribute to the development of nutritionally effective and sustainable diets. However, the comparative response of milkfish fry to these fishmeal replacement levels at 10 ppt salinity has not been clearly established.
Accordingly, this study evaluated the effects of dietary SPM on the growth performance, feed utilisation and survival of milkfish reared at 10 ppt salinity. We tested three dietary treatments representing 0%, 20% and 40% fishmeal replacement with SPM. The 20% fishmeal replacement level was selected based on previous evidence of approximately 20–24% substitution, while the 40% replacement level assessed the effects of higher Spirulina incorporation. The study provides species-specific information on the potential use of SPM as a protein source for milkfish under brackish-water conditions.
2. Materials and methods
2.1. Experimental animals and acclimatization
The experiment was conducted at the aquaculture laboratory of the College of Fishery Science, Muthukur, Nellore, Andhra Pradesh, India. Milkfish (Chanos chanos) seed was collected from the Machilipatnam coast, Krishna District, Andhra Pradesh, India, and transported to the laboratory by road in double-walled plastic bags containing water and oxygen at a ratio of 1:3 (water: oxygen).
Upon arrival, the seed was maintained in a double-walled hapa installed in a cement pond for 30 days. Subsequently, the fish were transferred to 100-L fibre-reinforced plastic (FRP) tanks and acclimatised to laboratory conditions for 21 days. During acclimatization, the fish were fed a mixture of rice bran and groundnut oilcake that had been fermented overnight.
Following acclimatization, milkfish fry with an initial body weight of approximately 0.8–0.9 g were stocked in 100-L tarpaulin tanks containing 85 L of water. The fish were fed the experimental diets at 6% of their body weight (BW) per day, divided into three meals. Water quality was maintained through regular aeration and water exchange throughout the experimental period.
2.2. Experimental diets and feed preparation
Ingredients for experimental diet formulation were procured from local markets, individually powdered, weighed according to the respective formulations and thoroughly mixed. Water was added at 30 mL per 100 g of feed ingredients to form a dough. The dough was heated in a pressure cooker for 21 min and allowed to cool before the vitamin–mineral mixture and fish oil were incorporated.
Spirulina meal obtained from Genera Nutrients, Private Limited, Tamil Nadu, India, was incorporated into the experimental diets at levels replacing 20% and 40% of the fishmeal. Three diets were formulated: T1, the basal diet; T2, with 20% of the fishmeal replaced by SPM; and T3, with 40% of the fishmeal replaced by SPM. The prepared dough was processed into pellets using a pelletiser fitted with a 1-mm die. The pellets were oven-dried and stored in airtight containers until use. All experimental diets were formulated to contain 35% crude protein.
The ingredient composition and proximate composition of the experimental diets are presented in Table 1 and Table 2. 
Table 1: Feed Formulation of Experimental Diets:
	Ingredients
	T1
	T2
	T3

	Fish meal
	27
	21.6
	16.2

	Soybean meal
	25
	25
	25

	Groundnut oil cake 
	14
	14
	14

	Spirulina meal
	0
	5.4
	10.8

	De-oiled rice bran
	10
	10
	10

	Wheat flour
	8
	8
	8

	Maize
	11
	11
	11

	Maida
	2
	2
	2

	Fish oil 
	1
	1
	1

	Min. mix
	1
	1
	1

	Vit. mix
	1
	
	1

	Total
	100
	100
	100


Composition of Vitamin and Mineral mixture (per Kg feed): Vitamin A (100,000,000 IU), Vitamin D₃ (2,000,000 IU), Vitamin E (10,000 IU), Vitamin C (60,000 mg), Thiamine (Vitamin B₁, 5,000 mg), Riboflavin (Vitamin B₂, 5,000 mg), Niacin (Vitamin B₃, 6,000 150 mg), Pantothenic acid (Vitamin B₅, 6,000 mg), Pyridoxine (Vitamin B₆, 6,000 mg) and Biotin (Vitamin H, 200 mg). Calcium carbonate (27.25%), Magnesium (2,800 mg), Iron (7,400 mg), Zinc (9,800 mg), Manganese (11,600 mg), Copper (1,200 mg), Iodine (7.4 mg), Selenium (4 mg), Cobalt (4 mg), Potassium (100 mg), Sodium (6 mg), Phosphorus (7.45 mg), Sulfur (0.7 mg), Aluminum (1,500 mg), choline chloride (10,000mg) and Calpan (200 mg). 
Table 2: Feed Formulation of Experimental Diets:
	Ingredients
	T1
	T2
	T3

	Moisture
	7.2
	7.3
	7.5

	Crude Protein
	34.78
	34.93
	35.11

	Ether Extract
	7.37
	7.7
	7.3

	Crude Fiber
	8.7
	8.25
	8.5

	Ash
	13.2
	12.99
	13.17

	NFE (%)
	28.75
	28.83
	28.42


2.3. Experimental design and feeding trial
The feeding trial was conducted for 90 days using three dietary treatments, including a control diet and two experimental diets containing SPM as a replacement for 20% and 40% of the fishmeal. Each treatment was assigned to three replicate tanks, with 10 fish stocked per tank. Thus, the experimental design comprised nine tanks and 90 fish in total.
Each tank had a nominal capacity of 100 L and contained 85 L of water. Continuous aeration was provided to each tank through two aeration tubes. Fish were fed three times daily at 06:00, 14:00 and 20:00 h at a daily ration of 6% BW. The feeding ration was adjusted according to fish body weight as appropriate during the trial.
Salinity was maintained at approximately 10 ppt by replenishing evaporative losses and adjusting the water mixture using freshwater and seawater. Water was exchanged daily in the morning before feeding to remove uneaten feed and faecal matter.
2.4. Water quality monitoring
Water quality parameters were monitored throughout the 90-day feeding trial. Water temperature was measured using a mercury-bulb thermometer, pH was assessed using a universal pH indicator, dissolved oxygen was measured using an Aqua Check DO test kit (HiMedia Laboratories Pvt. Ltd., Mumbai, India), and salinity was determined using a portable refractometer (ERMA, RHS-28). These parameters were measured daily at 10:00 h.
Total hardness and total alkalinity were determined once every 10 days using a water-testing kit (Nice Chemicals Pvt. Ltd., Kochi, India). Water was exchanged daily at a rate of 25% before the morning feeding to remove accumulated waste and uneaten feed. Salinity was maintained at approximately 10 ppt throughout the experimental period by replenishing water losses and adjusting the proportions of freshwater and seawater. The recorded water-quality parameters are presented in Table 5.
2.5. Growth performance, feed utilisation and survival
Growth performance and survival were evaluated at 10-day intervals throughout the feeding trial. Fish were weighed using an analytical balance (ME204, Mettler Toledo, Greifensee, Switzerland), and initial and final body weights were recorded. Growth performance was assessed in terms of final body weight, net weight gain, specific growth rate (SGR), feed conversion ratio (FCR) and survival rate, following the methodology described by El-Sheekh et al. (2014). 
The following equations were used to calculate growth performance and survival indices:
Weight gain (WG):

Weight gain percentage (WGP):

Average daily gain (ADG):

Specific growth rate (SGR):

Feed conversion ratio (FCR):

Feed conversion efficiency (FCE):

Feed conversion efficiency percentage (FCEP):

Survival rate (SR):
where and are the initial and final mean body weights (g), respectively; is the experimental duration (days); is the total dry feed consumed (g); is the total live-weight gain (g) of fish in the experimental unit; and and are the initial and final numbers of fish, respectively. Initial length (IL) and final length (FL) were expressed in centimetres. 
2.6. Statistical analysis
Data on water quality, growth performance and survival were analysed using one-way analysis of variance (ANOVA) in SPSS version 20.0 (IBM Corp., Armonk, NY, USA). Differences among dietary treatments were evaluated at a significance level of 5% (P < 0.05). When significant differences were detected by ANOVA, Duncan’s multiple range test was used to compare treatment means.
3. Results 
3.1. Growth performance and survival
The growth performance of milkfish (Chanos chanos) fry fed the three experimental diets over the 90-day feeding trial is presented in Table 3. Initial body weight did not differ significantly among treatments (P = 0.346), indicating comparable initial stocking weights. Final body weight differed significantly among treatments (P < 0.001), increasing from 10.28 ± 0.11 g in T1 to 12.17 ± 0.12 g in T2 and 13.36 ± 0.12 g in T3. Similarly, weight gain increased significantly from 9.40 ± 0.12 g in T1 to 11.33 ± 0.10 g in T2 and 12.51 ± 0.10 g in T3 (P < 0.001).
Percentage weight gain followed a similar trend, with values of 1068.71 ± 35.97%, 1350.75 ± 61.84% and 1466.71 ± 45.93% in T1, T2 and T3, respectively (P < 0.001). Average daily gain increased from 0.104 ± 0.001 g day⁻¹ in T1 to 0.126 ± 0.001 g day⁻¹ in T2 and 0.139 ± 0.001 g day⁻¹ in T3. Specific growth rate also increased significantly across treatments, reaching 3.057 ± 0.033% day⁻¹ in T3 compared with 2.971 ± 0.048% day⁻¹ in T2 and 2.731 ± 0.034% day⁻¹ in T1 (P < 0.001).
Survival rates ranged from 80.00 ± 5.00% in T1 to 86.67 ± 5.77% in T3, but the differences were not statistically significant (P = 0.394). Initial length did not differ significantly among treatments (P = 0.301). Final length was numerically highest in T3 (11.10 ± 0.17 cm), followed by T2 (10.73 ± 0.40 cm) and T1 (10.40 ± 0.20 cm); however, the overall treatment effect was not statistically significant at the 5% level (P = 0.058).
Table 3. Growth performance and survival of milkfish (Chanos chanos) fry fed experimental diets for 90 days.
	Parameter
	T1
	T2
	T3
	P-value

	IW (g)
	0.88 ± 0.02ᵃ
	0.84 ± 0.04ᵃ
	0.85 ± 0.03ᵃ
	0.346

	FW (g)
	10.28 ± 0.11ᵃ
	12.17 ± 0.12ᵇ
	13.36 ± 0.12ᶜ
	<0.001

	WG (g)
	9.40 ± 0.12ᵃ
	11.33 ± 0.10ᵇ
	12.51 ± 0.10ᶜ
	<0.001

	WGP (%)
	1068.71 ± 35.97ᵃ
	1350.75 ± 61.84ᵇ
	1466.71 ± 45.93ᶜ
	<0.001

	ADG (g day⁻¹)
	0.104 ± 0.001ᵃ
	0.126 ± 0.001ᵇ
	0.139 ± 0.001ᶜ
	<0.001

	SGR (% day⁻¹)
	2.731 ± 0.034ᵃ
	2.971 ± 0.048ᵇ
	3.057 ± 0.033ᶜ
	<0.001

	SR (%)
	80.00 ± 5.00ᵃ
	83.33 ± 5.77ᵃ
	86.67 ± 5.77ᵃ
	0.394


Values are presented as mean ± SD (n = 3 replicate tanks per treatment). Different superscript letters within the same row indicate significant differences among treatments, as determined by Duncan’s multiple range test (P < 0.05). IW, initial weight; FW, final weight; WG, weight gain; WGP, weight gain percentage; ADG, average daily gain; SGR, specific growth rate; SR, survival rate; IL, initial length; FL, final length.
3.2. Feed utilisation
Feed utilisation differed significantly among the experimental treatments. The feed conversion ratio (FCR) was 1.710 ± 0.020 in T1, 1.683 ± 0.045 in T2 and 1.540 ± 0.044 in T3 (P = 0.003). Thus, T3 exhibited the lowest FCR, indicating more efficient feed utilisation than T1 and T2. Feed conversion efficiency (FCE) increased from 0.585 ± 0.007 in T1 to 0.594 ± 0.016 in T2 and 0.649 ± 0.018 in T3. Similarly, feed conversion efficiency expressed as a percentage (FCEP) increased from 58.48 ± 0.69% in T1 to 59.43 ± 1.59% in T2 and 64.97 ± 1.81% in T3. For both FCE and FCEP, T3 differed significantly from T1 and T2, whereas T1 and T2 did not differ significantly (P = 0.003).
Table 4. Feed utilization of milkfish (Chanos chanos) fry fed experimental diets for 90 days
	Parameter
	T1
	T2
	T3
	P-value

	FCR
	1.710 ± 0.020ᵃ
	1.683 ± 0.045ᵃ
	1.540 ± 0.044ᵇ
	0.003

	FCE
	0.585 ± 0.007ᵃ
	0.594 ± 0.016ᵃ
	0.649 ± 0.018ᵇ
	0.003

	FCEP (%)
	58.48 ± 0.69ᵃ
	59.43 ± 1.59ᵃ
	64.97 ± 1.81ᵇ
	0.003


Values are presented as mean ± SD (n = 3 replicate tanks per treatment). Different superscript letters within the same row indicate significant differences among treatments, as determined by Duncan’s multiple range test (P < 0.05). FCR, feed conversion ratio; FCE, feed conversion efficiency; FCEP, feed conversion efficiency percentage.
3.3. Water quality parameters
The recorded water-quality parameters during the experimental period are summarised in Table 5. Dissolved oxygen ranged from 6.54 to 6.83 mg L⁻¹, while pH ranged from 8.0 to 8.1. Water temperature varied from 29.5 to 31.0 °C across the three treatments. Total alkalinity ranged from 166 to 170 mg L⁻¹, and total hardness ranged from 690 to 766 mg L⁻¹. Total ammonia nitrogen ranged from 0.16 to 0.21 mg L⁻¹, with the highest recorded value in T3. These measurements describe the water-quality conditions under which the feeding trial was conducted.
Table 5. Water Quality Parameters for milkfish (Chanos chanos) fry fed experimental diets for 90 days
	Treatments
	T1
	T2
	T3

	Parameters
	
	
	

	DO
	6.54
	6.83
	6.62

	pH
	8.1
	8.0
	8.1

	Temperature
	29.5
	31.0
	30.5

	Alkalinity
	167
	166
	170

	Hardness
	720
	766
	690

	Total Ammonia Nitrogen
	0.16
	0.18
	0.21



4. Discussions
4.1 Growth performance and feed utilisation
Dietary replacement of fishmeal with Spirulina meal (SPM) significantly influenced the growth performance of milkfish (Chanos chanos) reared at 10 ppt salinity (Table 3), as indicated by growth indices such as final body weight, weight gain, percentage weight gain, average daily gain and specific growth rate (P < 0.05) among the treatments. Significant variations were observed with increasing SPM supplementation among the experimental groups and were consistent with the findings of Liu et al. (2026) and Khanna et al. (2026a), who recorded favourable growth responses with increasing dietary Spirulina inclusion in Macrobrachium nipponense and Etroplus suratensis, supporting the potential for 40% fishmeal replacement with SPM under the present conditions. Also, 20% fishmeal replacement with SPM exhibited significantly higher values for these growth parameters than the control and the response at the 20% replacement level was also comparable with the findings of Li et al. (2022), who, based on a meta-analysis of aquaculture studies, estimated that approximately 22.03–24.53% replacement of fishmeal with SPM could be achieved without an overall negative effect on growth and feed utilisation. Final body length was numerically greater with dietary SPM inclusion. Fish receiving the 40% SPM diet attained numerically greater final length than those fed the control diet, while the 20% treatment showed an intermediate response. The numerically greater final length observed at 40% replacement was consistent with the higher final body weight and weight gain recorded in this treatment, although the difference in final length was not statistically significant. The improved growth performance observed with SPM inclusion may be associated with the nutritional characteristics of Spirulina, a protein-rich microalga containing essential amino acids, vitamins, minerals, fatty acids, pigments, and other bioactive compounds, which contribute to its potential as an alternative aquafeed ingredient (Alagawany et al., 2021; Michael et al., 2023; Kumar et al., 2022). Dietary Spirulina has been reported to improve growth and feed utilisation in several cultured fish species (Alagawany et al., 2021; Youssef et al., 2023; Zhang et al., 2024). 
4.2. Feed utilisation
The improvements in growth were accompanied by significant changes in feed utilisation, particularly at 40% FM replacement with SPM. The FCR decreased from 1.710 ± 0.020 in the control to 1.540 ± 0.044 at 40% replacement, corresponding to an approximately 10% reduction. Concurrently, FCE increased from 0.585 ± 0.007 to 0.649 ± 0.018, indicating a greater proportion of feed input converted into biomass gain. The 20% replacement treatment did not differ significantly from the control in these indices, suggesting that the improvement in feed conversion was most evident at the higher replacement level.
This response agrees with the broader findings of Li et al. (2022), who reported an overall improvement in FCR following dietary Spirulina inclusion in fish and shrimp. The improved feed utilisation may be associated with the nutritional characteristics of Spirulina and its contribution to the nutrient profile of the experimental diets. Previous studies have also reported improved feed utilisation following dietary Spirulina inclusion in cultured fish (Alagawany et al., 2021; Youssef et al., 2023; Soma et al., 2024). The consistency between the higher growth indices and improved feed conversion at 40% replacement nevertheless supports the observation that this treatment provided the most favourable production response among the diets evaluated. 
4.3 Survival rate
Fishmeal replacement with Spirulina meal (SPM) did not significantly affect the survival of milkfish (Chanos chanos) reared at 10 ppt salinity (P > 0.05). Although survival showed a numerical increase with higher SPM replacement, the differences among treatments were not statistically significant, indicating that the tested replacement levels did not adversely affect survival under the experimental conditions. This finding is consistent with Sukardi et al. (2019), who reported no significant differences in milkfish larval survival between Spirulina-based microcapsule diets and a commercial diet (P > 0.05), with survival rates ranging from 80.6% to 84.6%. Similarly, previous studies have reported favourable survival responses in fish fed Spirulina-containing diets. For instance, Caguioa and Aban (2026), Khanna et al. (2026b), and Sun et al. (2026) reported high survival in Nile tilapia, pearl spot, and the zig-zag eel during the weaning stage when fed diets containing Spirulina. Nevertheless, differences in species, life stage, environmental conditions, stocking density, dietary formulation, and experimental duration should be considered when comparing survival responses among studies. Overall, the present findings suggest that replacing fishmeal with SPM at replacement levels of 20% and 40% did not compromise milkfish survival under the tested brackish-water conditions.
4.4. Implications and limitations
The present study indicates that partial fishmeal replacement with SPM can be associated with improved growth and feed utilisation in milkfish fry reared under brackish-water conditions. The highest tested replacement level produced the most favourable growth and feed conversion results among the treatments. 
Future experiments should investigate intermediate and higher replacement levels where nutritionally appropriate, verify nutrient digestibility and amino acid adequacy, and evaluate health indicators and economic feasibility. Such studies would help determine whether the observed benefits can be reproduced under commercial production conditions.
5. Conclusion 
The present study evaluated the effects of partial fishmeal replacement with Spirulina meal (SPM) on the growth performance, feed utilisation and survival of milkfish (Chanos chanos) fry maintained at approximately 10 ppt salinity over 90 days. Among the three dietary treatments, replacing 40% of fishmeal with SPM produced the highest final body weight, weight gain, average daily gain and specific growth rate. This treatment also resulted in the lowest feed conversion ratio and the highest feed conversion efficiency, indicating more favourable feed utilisation under the experimental conditions. Replacing 20% of fishmeal with SPM improved the measured growth parameters compared with the control, although feed conversion indices did not differ significantly between these treatments. Survival increased numerically with greater SPM replacement, but the differences were not statistically significant. These findings suggest that SPM may be a useful alternative feed ingredient for milkfish fry under the tested conditions. Nevertheless, further investigation of additional replacement levels, nutrient digestibility, physiological responses and economic feasibility is necessary before establishing recommendations for commercial milkfish production.
Declaration of AI Use

This manuscript was prepared through the intellectual contributions of the author(s) to the study design, data analysis, interpretation of results, and scholarly content. Grammarly and ChatGPT were used solely to assist with grammatical refinement and reference formatting during manuscript revision. The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.


COMPETING INTERESTS DISCLAIMER:
Authors have declared that they have no known competing financial interests OR non-financial interests OR personal relationships that could have appeared to influence the work reported in this paper.

References:
Ahmad, A., & Ashraf, S. S. (2023). Sustainable food and feed sources from microalgae: Food security and the circular bioeconomy. Algal Research, 74, 103185. https://doi.org/10.1016/j.algal.2023.103185
Alagawany, M., Taha, A. E., Noreldin, A., El-Tarabily, K. A., & Abd El-Hack, M. E. (2021). Nutritional applications of species of Spirulina and Chlorella in farmed fish: A review. Aquaculture, 542, 736841. https://doi.org/10.1016/j.aquaculture.2021.736841
Batilong, L. S., Ranara, C. T. B., Lumayno, S. D. P., Tanay, D. D., Del Castillo, C. S., Failaman, A. N., & Traifalgar, R. F. M. (2026). Shrimp head meal as a practical fishmeal substitute in diets for milkfish, Chanos chanos (Actinopterygii, Gonorynchiformes, Chanidae), fry. Acta Ichthyologica et Piscatoria, 56, 247-254. https://doi.org/10.3897/aiep.56.184586
Borlongan, I. G., & Satoh, S. (2001). Dietary phosphorus requirement of juvenile milkfish, Chanos chanos (Forsskal). Aquaculture Research, 32(S1), 26-32. https://doi.org/10.1046/j.1355-557x.2001.00003.x
Caguioa, M. E. T., & Aban, S. M. (2026). Dietary Spirulina meal supplementation in rice bran-based diets improves growth performance and feed utilization of Nile tilapia (Oreochromis niloticus). International Journal of Aquatic Research and Environmental Studies, 6(2), 998-1006. https://doi.org/10.70102/IJARES/V6I2/6-2-1723
Carneiro, W. F., Castro, T. F. D., Reichel, T., de Castro Uzeda, P. L., Martínez-Palacios, C. A., & Murgas, L. D. S. (2022). Diets containing Arthrospira platensis increase growth, modulate lipid metabolism, and reduce oxidative stress in pacu (Piaractus mesopotamicus) exposed to ammonia. Aquaculture, 547, 737402. https://doi.org/10.1016/j.aquaculture.2021.737402
Carneiro, W. F., Navarrete-Ramírez, P., Castro, T. F. D., Leão, E. R., Martínez-Chávez, C. C., Martínez-Palacios, C. A., & Murgas, L. D. S. (2025). Replacing fish meal with spirulina (Arthrospira platensis): nutrigenomic modulation of growth, reproductive performance, and metabolism in zebrafish. Animals, 15(17), 2552. https://doi.org/10.3390/ani15172552
El-Sheekh, M., El-Shourbagy, I., Shalaby, S., & Hosny, S. (2014). Effect of feeding Arthrospira platensis (Spirulina) on growth and carcass composition of hybrid red tilapia (Oreochromis niloticus x Oreochromis mossambicus). Turkish Journal of Fisheries and Aquatic Sciences, 14(2), 471-478. https://doi.org/10.4194/1303-2712-v14_2_18
Hachimi Alaoui, M., Elmoujtahid, A., Bamaarouf, M., & El Arroussi, H. (2026). Exploring the potential of microalgae as feed ingredients for sustainable aquaculture: A review of nutritional and environmental benefits. Aquaculture Nutrition, 2026(1), 5217142. https://doi.org/10.1155/anu/5217142
Jana, S. N., Garg, S. K., & Patra, B. C. (2006). Effect of inland water salinity on growth performance and nutritional physiology in growing milkfish, Chanos chanos (Forsskål): Field and laboratory studies. Journal of Applied Ichthyology, 22(1), 25–34. https://doi.org/10.1111/j.1439-0426.2006.00698.x
Khanna, A. R. N., Mahadevan, H., Syanya, F. J., Prakash E., A., Bastian, F. R., & Hussain, M. S. (2026a). Dietary Arthrospira platensis as a sustainable fishmeal alternative enhances growth performance, body composition and muscle amino acid and fatty acid profiles of pearl spot (Etroplus suratensis). Aquaculture, Fish and Fisheries, 6(4), e70314. https://doi.org/10.1002/aff2.70314
Khanna, A. R. N., Mahadevan, H., Syanya, F. J., Winam, Z. O., Hussain, M. S., Bastian, F. R., & Prakash E., A. (2026b). Growth, survival and reproductive responses of pearl spot (Etroplus suratensis) to partial fishmeal replacement with spirulina (Arthrospira platensis) in coastal pond systems. Aquaculture Research, 2026(1), 2099071. https://doi.org/10.1155/are/2099071
Kumar, R., Hegde, A. S., Sharma, K., Parmar, P., & Srivatsan, V. (2022). Microalgae as a sustainable source of edible proteins and bioactive peptides–Current trends and future prospects. Food Research International, 157, 111338. https://doi.org/10.1016/j.foodres.2022.111338
Li, L., Liu, H., & Zhang, P. (2022). Effect of Spirulina meal supplementation on growth performance and feed utilization in fish and shrimp: A meta-analysis. Aquaculture Nutrition, 2022(1), 8517733. https://doi.org/10.1155/2022/8517733
Liu, L., Zou, A., Zhao, W., Cao, T., Jiang, F., Yue, D., Yin, L., Wu, W., Qin, C., & Gao, Z. (2026). Optimal dietary replacement of fishmeal with Spirulina platensis enhances growth performance, digestion, antioxidant capacity, ovarian development, and muscle quality in Macrobrachium nipponense. Aquaculture Nutrition, 2026(1), 7865897. https://doi.org/10.1155/anu/7865897
Ma, M., & Hu, Q. (2024). Microalgae as feed sources and feed additives for sustainable aquaculture: Prospects and challenges. Reviews in Aquaculture, 16(2), 818-835. https://doi.org/10.1111/raq.12869
Michael, A., Kyewalyanga, M. S., & Lugomela, C. V. (2023). Spirulina (Arthrospira fusiformis, Gomont 1892) as a high-quality feed ingredient for Nile tilapia fingerlings. Tanzania Journal of Science, 49(3), 587–596. https://doi.org/10.4314/tjs.v49i3.3
Monzón, C., Robaina, L., Quirós-Pozo, R., & Roo, J. (2026). Spirulina (Arthrospira platensis) and by-products from the fish processing industry as alternative protein sources to marine-origin meals in the weaning diets of mullet (Liza aurata). Aquaculture Reports, 46, 103358. https://doi.org/10.1016/j.aqrep.2025.103358
Mulyani, S., Budi, S., Cahyono, I., & Khairiman, K. (2023). Effect of Vitamin C Bioencapsulation in Natural Feed on Protein, Fat, Energy, and Mortality of Milkfish Larvae (Chanos chanos). Jurnal Kelautan Tropis, 26(2), 272-282. https://doi.org/10.14710/jkt.v26i2.17969
Naylor, R. L., Hardy, R. W., Buschmann, A. H., Bush, S. R., Cao, L., Klinger, D. H., Little, D. C., Lubchenco, J., Shumway, S. E., & Troell, M. (2021). A 20-year retrospective review of global aquaculture. Nature, 591, 551–563. https://doi.org/10.1038/s41586-021-03308-6
Pratiwi, D. Y., & Ernawati. (2026). Application of Spirulina spp. as fish feed: A minireview with future perspectives on human nutrition. Asian Journal of Fisheries and Aquatic Research, 28(2), 1–11. https://doi.org/10.9734/ajfar/2026/v28i21057
Rachmawati, D., Diantoro, I. D. P., Sarjito, & Kurohman, F. (2024). The effect of phytase enzyme in feed on growth performance, feed utilization efficiency, and survival rate of milkfish (Chanos chanos) fingerlings. Journal of Advances in Food Science & Technology, 11(4), 32–41. https://doi.org/10.56557/jafsat/2024/v11i48878
Ringø, E. (2025). Spirulina (Arthrospira), as feed additive in finfish and shellfish aquaculture. Aquaculture and Fisheries, 10(6), 931–944. https://doi.org/10.1016/j.aaf.2025.06.005
Roohani, A. M., Abedian Kenari, A., Fallahi Kapoorchali, M., Borani, M. S., Zoriezahra, S. J., Smiley, A. H., Esmaeili, N., & Rombenso, A. N. (2019). Effect of spirulina Spirulina platensis as a complementary ingredient to reduce dietary fish meal on the growth performance, whole‐body composition, fatty acid and amino acid profiles, and pigmentation of Caspian brown trout (Salmo trutta caspius) juveniles. Aquaculture Nutrition, 25(3), 633-645. https://doi.org/10.1111/anu.12885
Shah, M. R., Lutzu, G. A., Alam, A., Sarker, P., Kabir Chowdhury, M. A., Parsaeimehr, A., Liang, Y., & Daroch, M. (2018). Microalgae in aquafeeds for a sustainable aquaculture industry. Journal of Applied Phycology, 30(1), 197-213. https://doi.org/10.1007/s10811-017-1234-z
Soma, K., Kals, J., Opiyo, M. A., Ndambi, A., García-Cubero, R., Barbosa, M. J., Rurangwa, E., & Vernooij, A. (2024). Toward sustainable food systems: Can spirulina (Arthrospira platensis) become a sustainable source of protein to enhance the nutritional benefits of cultured Nile tilapia (Oreochromis niloticus)? Frontiers in Sustainable Food Systems, 8, 1283150. https://doi.org/10.3389/fsufs.2024.1283150
Spínola, M. P., Mendes, A. R., & Prates, J. A. (2024). Chemical composition, bioactivities, and applications of Spirulina (Limnospira platensis) in food, feed, and medicine. Foods, 13(22), 3656. https://doi.org/10.3390/foods13223656
Sukardi, P., Yansah, N., Winanto, T., Marnani, S., Prayogo, N. A., Harisam, T., & Sudaryono, A. (2019). A dietary microcapsule based on single-cell protein (Spirulina platensis) for milkfish, Chanos chanos, larvae. Biotropia, 26(3), 201–207. https://doi.org/10.11598/btb.2019.26.3.1103
Sun, D., Wang, C., Xiang, W., Xu, X., Wu, H., & Zou, J. (2026). Replacing fish meal with Spirulina platensis powder during the weaning period of zig-zag eel (Mastacembelus armatus): Effects on growth, survival rate, digestive organ responses, and gut microbiota changes. Animal Feed Science and Technology, 344, 116964. https://doi.org/10.1016/j.anifeedsci.2026.116964
Tacon, A. G. J., & Metian, M. (2015). Feed matters: Satisfying the feed demand of aquaculture. Reviews in Fisheries Science & Aquaculture, 23(1), 1–10. https://doi.org/10.1080/23308249.2014.987209
Youssef, I. M., Saleh, E. S., Tawfeek, S. S., Abdel-Fadeel, A. A., Abdel-Razik, A.-R. H., & Abdel-Daim, A. S. A. (2023). Effect of Spirulina platensis on growth, hematological, biochemical, and immunological parameters of Nile tilapia (Oreochromis niloticus). Tropical Animal Health and Production, 55(4), 275. https://doi.org/10.1007/s11250-023-03690-5
Zhang, F., Man, Y. B., Mo, W. Y., & Wong, M. H. (2020). Application of Spirulina in aquaculture: a review on wastewater treatment and fish growth. Reviews in Aquaculture, 12(2), 582-599. https://doi.org/10.1111/raq.12341
Zhang, W., Deng, Y., Yang, Z., Kong, Q., Liu, P., Liao, H., & Tang, H. (2024). Effects of partial replacement of fishmeal with Spirulina platensis powder and addition of Spirulina platensis polysaccharide on growth, nutrition, antioxidant capacity and gut microbiota of Micropterus salmoides. Aquaculture, 586, 740802. https://doi.org/10.1016/j.aquaculture.2024.740802



