


Microalgae as Fishmeal Replacements in Rainbow Trout: Effects on Growth, Feed Use, and Nutrient Excretion

1. Abstract
The examination of microalgae as a feasible alternative to fishmeal in fish diets, especially in the rearing of rainbow trout, has been driven by the increasing need for sustainable aquaculture practices. This paper evaluates the possible replacement of fishmeal with microalgae by analysinganalyzing their effects on fish development, their efficiency in nutrient conversion from feed, and the quantity of detritus produced. Microalgae serve as a superior nutritional supply for fish, owing to their rich content of proteins, vital fatty acids, and minerals. Studies have shown that microalgae-based diets may support growth rates that are comparable to or exceed those of traditional fishmeal diets. Furthermore, they possess the capacity to enhance feed efficiency and maybe diminish the excretion of nutrients, such as nitrogen and phosphorus. This advantages the environment by mitigating effect and purifying water. Nonetheless, problems persist, including the elevated expense of microalgae production, the requirement for adequate nutritional compositions, and the capacity for large-scale cultivation of microalgae. Future study should concentrate on optimising microalgae absorption levels, enhancing production procedures, and conducting longitudinal studies to evaluate the overall effects of microalgae on fish health, productivity, and environmental sustainability. Should these difficulties be addressed, microalgae might substantially enhance the sustainability and environmental friendliness of aquaculture systems.
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Aquaculture meets millions of people's protein needs by meeting worldwide fish demand. Carnivorous rainbow trout and other farmed fish devour fishmeal. Aquaculture diets benefit from tiny pelagic fishmeal's amino acids, lipids, and other nutrients. It improves farmed fish health, feeding, and growth. Overfishing, marine resource depletion, and fishmeal production's environmental effect have generated concerns about aquaculture's sustainability as demand grows. Wild-caught fish for fishmeal strains marine ecosystems, driving the search for eco-friendly alternatives[1].
 

Alternative protein alternatives to fishmeal are becoming used in aquaculture feeds for sustainability.Microalgaesustainability. Microalgae, which have several benefits, could be a sustainable feed source. Microalgae are excellent feed ingredients because they provide protein, vital fatty acids, vitamins, and minerals. Microalgae may be grown with sunshine and carbon dioxide, making it more environmentally friendly than fishmeal. Microalgae can also be grown in controlled surroundings, minimisingminimizing marine ecosystem dependence and providing fish farming nutrients more reliably[2].

Numerous research havehas examined the possibility of microalgae as a fishmeal alternative to improve growth, feed conversion efficiency, and health in aquaculture species like rainbow trout. 
Microalgae-based diets boost growth performance and feed utilisationutilization in some species and improve fish fatty acid profiles, particularly omega-3 fatty acids. In other research, the optimal inclusion levels of various algae species in fish diets and their effects on fish digestibility and nutrient absorption have been examined. Despite these encouraging results, cost, scalability, and fish species-specific effects on growth and feed utilisationutilization make microalgae optimisationoptimization in aquaculture diets problematic[3]. 

Microalgae is being studied as a fishmeal alternative, although its aquaculture potential is uncertain. Microalgae-based diets' effects on rainbow trout nutrient excretion have been neglected. Excess nitrogen and phosphorus excretion can contaminate and eutrophicate aquaculture. Nutrient excretion may be reduced by microalgae, but further research is needed to discover how species differ. Unlike tilapia and salmon, rainbow trout, which are farmed for commercial and recreational purposes, have not been examined for microalgae effects. This research gap restricts aquaculture's usage of microalgae diets[4].
 
Growth performance, feed utilisationutilization, and nutrient excretion in rainbow trout fed microalgae instead of fishmeal are examined in this paper. We carefully study the literature to identify the positives and downsides of microalgae in trout aquaculture. It also advises researching microalgae in trout diets, their effects on nutrient excretion, and their long-term sustainability. A thorough study attempts to improve aquaculture practices for sustainability and efficiency[3].

3. Aquaculture Fishmeal: Importance and Sustainability 

Aquaculture nutrition has relied on fishmeal protein for fish growth, health, and reproduction. Fishmeal provides balance of amino acids, fatty acids, vitamins, and minerals for optimal growth and development, especially in carnivorous rainbow trout. Fishmeal provides 30% of fish feed protein and is one of the most nutritious feed components. This is crucial for aquaculture, especially for protein-hungry species[5].

Fishmeal in Aquaculture 

Fishmeal provides balanced nutrition and excellent fish growth in modern aquaculture. It contains 60–70% crude protein, essential amino acids, and polyunsaturated fatty acids (PUFAs), mainly omega-3 and omega-6. Farmed fish need nutrients for cell function, immunity, and energy metabolism. Fishmeal contains omega-3 fatty acids, which boost brain development, immunity, and fish welfare. High digestion turns feed into body mass and boosts development, making fishmeal an effective energy source[6].
 
Fishmeal enhances aquaculture performance measure feed conversion ratio (FCR) and fish growth. Low FCRs improve feed efficiency, waste reduction, and economic performance. High digestibility and nutrient density enhance FCR, making fishmeal essential in aquaculture feeds for low-cost, high-quality fish[7]. 


Challenges of sustainability 

Fishmeal is essential for contemporary aquaculture, but its overuse threatens sustainability. Fishmeal made from wild-caught fish is troublesome. Anchovies, sardines, and herring from fragile marine ecosystems make up most fishmeal. These species are overfished, threatening fishmeal output. Aquaculture fishmeal production may reduce marine fish populations, habitats, and biodiversity[8]. 

Environmental impact of fishmeal production is another issue. Wild-caught fishmeal manufacturing is energy-intensive, increasing aquaculture's carbon footprint. Fish trawling for food can damage coral reefs and bottom habitats. Fishmeal as a main ingredient in aquaculture meals raises ethical concerns about its sustainability in light of global marine ecosystem concerns and resource depletion.  Fishmeal prices fluctuate due to raw material shortages and aquaculture demand. Global aquaculture fishmeal demand threatens its economic stability. Aquaculture growers suffer when feed prices determine output. Economic instability requires reliable protein[9].

Need for Sustainable Options 

Aquaculture requires alternatives to fishmeal production due to environmental and economic issues. As population grows and cuisines change, seafood consumption will strain fishmeal supply. We desperately need protein alternatives that can replace or supplement fishmeal in aquaculture diets without impacting fish health, growth, or feed efficiency. 
Finding sustainable fishmeal substitutes is vital for global food security. Growing global populations need high-quality aquaculture protein, thus cost-effective, ecologically sustainable, and nutritionally acceptable feed sources are needed. Without alternatives, excessive fishing of many conventional fishmeal-producing fish species might increase marine resource demand and jeopardisejeopardize the aquaculture business[10].
 
Plant-based proteins, insect meals, and microalgae are popular due to these constraints. These solutions may reduce aquaculture's use of wild-caught fish and feed production's environmental effect. Growing microalgae under regulated conditions using solar and carbon dioxide is sustainable, cost-effective, and scalable. Reducing fishmeal utilisationutilization improves aquaculture feed company stability and sustainability[11]. 

As the globe becomes more environmentally conscious of traditional farming and aquaculture methods, consumers, regulatory agencies, and the industry are forcing farmers to utiliseutilize more sustainable feed. Aquaculture sector change is driven by demand for sustainable goods and alternative protein studies. Develop and use sustainable aquaculture alternatives like microalgae to improve global food security and the environment. 

As fishmeal is essential to aquaculture nutrition, its environmental and economic sustainability issues need research into alternate protein sources. Aquaculture success depends on finding alternatives, especially those with comparable nutritional content. Fishmeal can be replaced with microalgae, reducing aquaculture's environmental impact[12].

4. Microalgae as an an alternative Protein  source   

Aquaculture diets may use microalgae instead of fishmeal. Microalgae's nutritional benefits and controlled growth may help aquaculture survive. This section discusses microalgae nutrition, aquaculture species, and recent fish growth, health, and performance research.

Microalgae Nutritional Composition

1. Microalgae can replace fishmeal in aquaculture diets because they contain critical nutrients. They have protein, essential fatty acids, vitamins, and minerals, depending on species.  Protein-rich microalgae are employed in aquaculture. Different types of microalgae provide 30%–70% crude protein by dry weight. Like fishmeal, they have 60-70% protein. Microalgae protein is easily digested and supplies critical amino acids for fish development. Fish eat microalgae for protein because they include lysine, methionine, and arginine[13].

2. Microalgae provide critical polyunsaturated fatty acids (PUFAs) like omega-3 and omega-6 for fish health. These fatty acids support cell membranes, brain development, and immunity. Omega-3 fatty acids like EPA and DHA are vital for fish nutrition because they benefit fish and enhance omega-3 content in fish meat, which benefits humans. Microalgae is a good plant-based source of these fatty acids[14].
 
3. Microalgae provide essential vitamins, minerals, proteins, and fatty acids for fish health. Immunological response, growth, and development require vitamins A, C, D, and B-complex. Microalgae have calcium, magnesium, phosphorus, and potassium. These micronutrients help fish form bones, regulate osmoregulation, and stay healthy. Vitamin and mineral rich microalgae increase fish health and feed utilisationutilization in aquaculture diets[15].
 
4. Microalgae contain carbohydrates and fibre, including polysaccharides that fuel fish. Fibre improves gut health and digesting. Fish diets should be carefully evaluated since too much carbohydrate reduces feed conversion efficiency[16].
Types of Microalgae Used in Aquaculture
Several microalgae species have been studied as fishmeal alternatives in aquaculture. Nutrient profile, cultivation ease, and cost-effectiveness determine species selection. Some of the most studied microalgae are: 

1. Chlorella is a popular microalgae for aquaculture diets due to its high protein content (50-60% crude protein) and richness in critical fatty acids, vitamins, and minerals. Tilapia, salmon, and rainbow trout develop better and convert feed better with chlorella. It grows easily in large-scale systems and can be grown with wastewater, making it environmentally beneficial. Chlorella could partially replace fishmeal in aquaculture feeds because to its excellent digestibility and nutrient density[17].

2. Spirulina: A blue-green algae or cyanobacterium with high protein content, essential amino acids, and bioactive substances including phycocyanin and carotenoids. Spirulina provides 50-70% protein for fish, especially tilapia, carp, and prawns. It is rich in omega-3 fatty acids, which improve farmed fish nutrition. Fish immune systems and illness resistance are also improved by Spirulina's antioxidants. Spirulina is more expensive to grow than other microalgae, restricting its use in large-scale aquaculture[18]. 

3. Haematococcus pluvialis, a freshwater microalga, produces large amounts of astaxanthin, a useful antioxidant and carotenoid for fish, particularly salmonids and crustaceans. Astaxanthin improves fish flesh colour and immunity. Haematococcus improves fish health and performance in aquaculture diets while having less protein than Chlorella or Spirulina. Studies on its high astaxanthin content have examined its effects on fish health, immunity, and flesh colourationcoloration[19].
 
4. Tetraselmis, a marine microalga, offers potential as a fishmeal replacement due to its balanced nutritional profile, including high protein (50-60%) and fat content. Fish like sea bass, gilthead seabream and prawns are drawn to it. Highly digested Tetraselmis can boost farmed fish growth and survival. It can replace fishmeal in marine aquaculture systems because it is easy to grow[20].



Microalgae in Fish Diets

Many research havehas examined the inclusion of microalgae in fish diets, with results differing by species, amount, and target fish species. Key findings on microalgae inclusion and fish development, health, and performance are below. 

1. Several studies show that microalgae-based diets can improve the growth performance of farmed fish. When fed 10-20% chlorella, rainbow trout and tilapia grow faster and convert feed better. Spirulina boosts tilapia and catfish growth and feed efficiency. Microalgae may lose their growth-promoting properties at increasing inclusion levels due to nutrient imbalances or anti-nutritional causes[21].

2. Health and Immunity: Spirulina and Haematococcus microalgae improve fish health and immunity. When fed microalgae, salmonids, tilapia, and prawns showed enhanced disease resistance and immunological function. Microalgae's antioxidants, especially carotenoids like astaxanthin and phycocyanin, may increase fish immunity and reduce oxidative stress. These benefits improve health and lower infection risk. 
Aquaculture species benefit from microalgae-based diets in terms of feed conversion efficiency and nutrient utilisationutilization[13]

3.  Microalgae digestibility and nutrient bioavailability, such as amino acids and fatty acids, improve feed efficiency. Microalgae improve nutrient absorption and feed efficiency in rainbow trout and tilapia, making production more efficient[22].
 
4. Cons: Fish diets with microalgae have problems. High microalgae inclusion levels may reduce growth and feed conversion efficiency because to nutrient imbalances or anti-nutritional fibre and polysaccharides. Spirulina, which requires particular conditions, is expensive to grow. Careful formulation and inclusion level optimisationoptimization yield the best aquaculture feed performance[23]. 

With their high protein, essential fatty acid, vitamin, and mineral content, microalgae may substitute fishmeal in aquaculture diets. For fish development, health, and feed utilisationutilization, Chlorella, Spirulina, and Haematococcus have been extensively studied as fishmeal substitutes. To employ microalgae in commercial aquaculture, cost, scalability, and appropriate inclusion levels must be addressed. Future research should optimiseoptimize microalgae-based diets, evaluate their long-term effects on fish health and performance, and boost large-scale algae production economics[15,17]. Comparing macronutrient and micronutrient profiles of microalgae and fishmeal indicates their nutritional potential (Figure 1).
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Fig 1. Comparing Fishmeal and Selected Microalgae Nutritionally. This graphic compares fishmeal and three commonly studied microalgae (Chlorella, Spirulina, and Haematococcus) nutritional profiles. Crude protein, essential amino acids (lysine, methionine), omega-3 fatty acids (EPA+DHA), and a vitamin-mineral composite score are important. Microalgae have a rich and balanced nutritional profile, making them viable fishmeal replacements in aquaculture feeds.
5. Effects of Microalgae on Growth Performance and Feed Utilization in Rainbow Trout
Aquaculture diets with microalgae as fishmeal substitutes have been studied for several fish species. Rainbow trout (Oncorhynchus mykiss), a commercially significant species, has been researched for microalgae-based diets' effects on growth, feed utilisationutilization, and health. This section discusses rainbow trout growth, feed conversion efficiency, and fishmeal diet comparisons[7].

Growth Performance

Growth performance is a key indicator of aquaculture feed ingredient efficacy. Several studies have found that rainbow trout develop better on microalgae-based diets, however the benefits differ by species, inclusion amounts, and experimental settings. 

1. Weight Gain and Length: Research shows that rainbow trout can gain weight and length by eating microalgae. Studies on rainbow trout fed Chlorella showed considerable weight growth compared to control diets. Rainbow trout fed 10% Chlorella gained 15-20% more weight than those fed fishmeal in one study. Due to its high protein content and digestibility, Chlorella may have improved nutritional absorption and utilisationutilization. Rainbow trout grow longer and have more biomass when fed Spirulina. Spirulina-based meals showed growth rates equivalent to fishmeal diets at inclusion levels of 5% to 15%, suggesting that it might replace fishmeal in trout aquaculture. Antioxidants and carotenoids in Spirulina may benefit health and development indirectly[21]. 

Microalgae can affect growth depending on species and inclusion amount. Haematococcus is rich in carotenoids, notably astaxanthin, which are good for pigmentation and immunological function, but excessive inclusion (over 10%) can impair rainbow trout development. Haematococcus' high carbohydrate content and amino acid imbalance may not match the demands of fast-growing rainbow trout[19].

2.Microalgae can enhance the general health of rainbow trout, in addition to encouraging weight increase. Microalgae-fed fish have superior immune systems, illness resistance, and stress tolerance. Antioxidants in microalgae minimiseminimize oxidative stress, making fish healthier. Spirulina boosts the immune system, making fish healthier and more resistant to diseases and environmental stresses[24].

Feed Conversion Efficiency

Aquaculture effectiveness depends on feed conversion efficiency, which measures how well fish convert meal into body mass. Lower feed conversion ratios (FCRs) reflect feed efficiency. Many studies show that rainbow trout feed utilisationutilization improves with microalgae in their diets. 

1. Feed Conversion Ratio (FCR): Several studies found that rainbow trout given microalgae diets had higher FCR than fishmeal-based feeds. One study found that rainbow trout given 10% Chlorella-based diets had an FCR of 1.4, compared to 1.6 for the control group fed fishmeal. This FCR enhancement shows that microalgae-based diets deliver growth nutrients and convert more effectively into body mass[25].Due to their digestibility and nutritional balance, microalgae boost FCR. Certain microalgae species, especially those rich in omega-3 fatty acids, have digestible proteins and lipid profiles that improve nutritional absorption. These parameters boost feed conversion and growth. The ideal microalgae inclusion level for FCR depends on the algae species[26]. 

2. Incorporating microalgae in diets might affect feed intake, which is crucial for total feed utilisationutilization. Rainbow trout fed microalgae-based diets with high amino acid and omega-3 fatty acid concentrations have been proven to eat more. Increased feed intake and digestibility can boost growth and feed efficiency. Due to the high fibre content in some microalgae species, over inclusion might reduce fish feed intake by making the diet less appealing or digestible[27].

Comparative Studies: Microalgae vs. Fishmeal-Based Diets

When assessing microalgae as a fishmeal alternative, rainbow trout development and feed utilisationutilization must be compared to those given traditional fishmeal. Several comparison investigations have yielded encouraging outcomes, however algae species and incorporation levels vary. 

1. Comparisons of microalgae-based diets with fishmeal-based diets for rainbow trout have yielded conflicting results, but overall, microalgae inclusion has not significantly reduced growth performance. One study found that rainbow trout given 10% Chlorella had identical development rates and weight increase to those fed fishmeal. This implies that microalgae can substitute fishmeal at modest levels without affecting growth. At inclusion levels exceeding 20%, growth rate decreased, perhaps due to diet nutritional imbalances[28].

2. Feed Conversion and Efficiency: Microalgae-based diets generally outperform standard fishmeal diets in FCR. In one study, rainbow trout fed 10% Spirulina had a considerably lower FCR (1.3) than fishmeal-based control group (1.5). The fish turned feed into body mass more efficiently with microalgae. Fishmeal is one of the most effective protein sources in aquaculture, therefore the FCR increase is remarkable[29]. 

3. Although long-term studies are scarce, initial research suggests that microalgae-based diets do not significantly effect rainbow trout health or growth. Some research show that trout diets with microalgae can increase illness and environmental stress resistance, promoting long-term growth.
Many studies have found that rainbow trout develop and use feed better on microalgae diets than on fishmeal. Microalgae in trout diets boost weight gain, FCR, and health, making them a viable aquaculture protein source. Optimal inclusion amounts depend on algae species and fish diets. Microalgae-based diets can meet or outperform fishmeal diets in certain ways, but more study is needed to optimiseoptimize inclusion levels, investigate long-term impacts, and determine the economic viability of large-scale microalgae production for aquaculture feeds. Microalgae, a nutrient-dense, ecologically friendly fishmeal replacement, may solve aquaculture's sustainability issues[26]. 

Figure 2 compares growth and feed conversion in fishmeal and chosen microalgae diets to show how microalgae diets affect trout performance.
[image: ]Figure 2. Effects of Microalgae on Growth and Feed Conversion in Rainbow Trout. This figure presents a comparative analysis of growth performance metrics in rainbow trout fed different diets: fishmeal (control), Chlorella, Spirulina, and Haematococcus. Metrics include average weight gain (%), feed conversion ratio (FCR), and survival rate (%). The grouped columns illustrate that Chlorella- and Spirulina-based diets can match or surpass traditional fishmeal in supporting growth and feed efficiency, while maintaining high survival rates.

6. Microalgae and Nutrient Excretion in Aquaculture
Nutrient excretion, especially nitrogen (N) and phosphorus (P), is a major environmental issue in aquaculture. Maintaining water quality and reducing eutrophication requires efficient fertiliserfertilizer management. The use of microalgae instead of fishmeal in aquaculture feeds might minimiseminimize nutrient excretion and improve sustainability and environmental effect[30]. Nutrient excretion in aquaculture, rainbow trout's response to microalgae-based diets, and the environmental advantages of reduced nutrient output are discussed in this section.

Nutrient Excretion in Fish

Fish metabolism excretes nutrients in aquaculture. Fish primarily excrete nitrogen as ammonia (NH₃) and urea (more prevalent in freshwater species), and phosphorus as phosphate (PO₄³⁻). These nutrients are necessary for aquatic creature growth but can degrade the ecosystem in excess[31].

1. Nitrogen Excretion: Fish nutrition relies on nitrogen for protein synthesis. However, fish emit nitrogen, especially ammonia, which can harm water quality. High quantities of ammonia can stress, harm, and kill fish. In high-density aquaculture systems, ammonia excretion may quickly build in the water, necessitating expensive and energy-intensive filtration and water treatment devices to maintain water quality. Excess nitrogen in aquatic habitats can cause eutrophication, which causes algal blooms, oxygen deprivation, and fish mortality[32].

2. Phosphorus Excretion: Inorganic phosphate is a crucial ingredient in aquaculture. Despite its need for energy metabolism, DNA synthesis, and bone building, excess phosphorus in water can cause eutrophication, especially in freshwater environments. High phosphorus levels increase algal development, which disrupts ecosystems, depletes oxygen, and degrades water quality. Phosphorus excretion in aquaculture is proportional to food, and waste releases large amounts into the water, increasing fish farming's environmental effect[33]. 

Efficient aquaculture fertiliserfertilizer management reduces nitrogen and phosphorus emissions. Improving fish diet feed efficiency and nutrient utilisationutilization is one of the best strategies to do this. Microalgae-based diets may reduce nutrient excretion while preserving fish growth and health.

Impact of Microalgae on Nutrient Excretion

A number of research have examined how microalgae-based diets affect fish nitrogen and phosphorus excretion. Protein and necessary fatty acids in microalgae can help fish thrive and reduce nutrient excretion, minimisingminimizing aquaculture's environmental effect. 

1. Reduced Nitrogen Excretion: Research shows that fish fed microalgae-based diets excrete less nitrogen, especially ammonia, than those fed fishmeal. This decrease is due to fish's better digestion of microalgae-based proteins. Thus, fish may use more feed nitrogen for growth and waste less. Rainbow trout given Chlorella excreted 20-30% less ammonia than those fed fishmeal in a research. Nitrogen retention improvements can reduce aquaculture ammonia accumulation environmental hazards.

Bioactive substances including antioxidants and polyunsaturated fatty acids in microalgae may boost fish metabolism. These chemicals improve fish health and nutritional utilisationutilization, lowering nitrogen excretion. Fish that retain nitrogen and synthesisesynthesize protein more efficiently on Spirulina-based diets excrete less ammonia[34].

2. Phosphorus Excretion Reduction: Fish excrete phosphorus based on their food. Studies suggest that rainbow trout and other fish can minimiseminimize phosphorus excretion by eating microalgae. In one research, trout given 15% Tetraselmis excreted considerably less phosphorus than fish fed fishmeal. Due to their digestion and nutritional balance, microalgae reduce phosphorus waste. Microalgae have less phosphorus than fishmeal, reducing the aquaculture system's phosphorus burden[35]. 

The methods by which microalgae reduce phosphorus excretion are still being studied, although their increased bioavailability may help fish absorb and use more of their diet's phosphorus. Phytic acid, an anti-nutritional substance found in certain microalgae, may similarly bind phosphorus and limit its excretion, although further study is needed to confirm this.
Species-Specific Effects: The impact of microalgae on nutrient excretion can vary depending on the species of fish and algae used. For example, while Chlorella and Spirulina have shown promising results in reducing nitrogen and phosphorus excretion in rainbow trout, the effects may differ in other fish species. This highlights the need for species-specific studies to optimize microalgae inclusion levels and assess their effects on nutrient retention and excretion in a broader range of farmed species[36].
Environmental Implications
Aquaculture nutrient excretion reduction improves water quality and sustainability. Microalgae can substitute fishmeal in aquaculture to minimiseminimize nitrogen and phosphorus emissions and eutrophication. Farms become more sustainable and water treatment system load decreases. 

1. Better Water Quality: Reducing nitrogen and phosphate excretion improves aquaculture water quality. Microalgae diets minimiseminimize ammonia and phosphate, avoiding algal blooms and enhancing aquatic ecosystems. Nutrient pollution near aquaculture operations must be controlled to safeguard biodiversity and freshwater and marine habitats[37].

2. By reducing fishmeal use, microalgae in aquaculture feeds help minimiseminimize overfishing and marine resource depletion. Carbon dioxide and sunlight may create microalgae, a greener fishmeal. Microalgae diets decrease wild-caught fish feed output, protecting marine habitats and promoting sustainable aquaculture[11]. 


3. Microalgae-based sustainable aquaculture diets minimiseminimize fish farming's environmental impact and boost productivity. Microalgae minimiseminimize nutrient excretion, improve feed conversion, and replace fishmeal, helping aquaculture survive. As global seafood consumption climbs and aquaculture addresses food security, this sustainable strategy is essential[38].
The incorporation of microalgae into aquaculture diets has significant potential to reduce nutrient excretion, particularly nitrogen and phosphorus, thereby improving water quality and reducing the environmental impact of aquaculture systems. Microalgae-based diets enhance nutrient retention in fish, leading to lower ammonia and phosphorus excretion rates, which can help mitigate eutrophication and promote sustainable aquaculture practices. By offering a sustainable alternative to fishmeal, microalgae contribute to the long-term environmental sustainability of the aquaculture industry and support efforts to reduce the industry's overall environmental footprint. Future research should continue to explore the species-specific effects of microalgae on nutrient excretion and further optimize their use in aquaculture feeds to maximize these environmental benefits.

7. Challenges and Limitations of Using Microalgae in Aquaculture
Before being widely used as a substitute to fishmeal in aquaculture diets, microalgae must overcome many obstacles. These issues include economic and manufacturing expenses, microalgae-based diet nutritional balance, and technological and operational hurdles. This section discusses these important restrictions and how to overcome them to maximisemaximize microalgae's aquaculture benefits.

Economic and Production Costs

The high economic cost of microalgae cultivation prevents their widespread usage in aquaculture. Microalgae are a sustainable and ecologically benign alternative to fishmeal, but commercial production is costly, making them uneconomical as aquaculture feeds. 

1. Production Costs: The culture method, algal species, and production size affect microalgae cultivation costs. Large-scale microalgae production needs substantial expenditures in photobioreactors, algae harvesting systems, and drying equipment. Establishing and running these facilities is expensive. The cost of algae growth basic resources including carbon dioxide, fertilisersfertilizers, and water can also increase production expenses. Spirulina and Chlorella, two of the most popular microalgae in aquaculture, need regulated settings and lots of light to develop, which raises energy use and costs[39].

2. To fulfil global aquaculture demand, microalgae production must be scaled significantly, requiring major efficiency improvements. Most microalgae growth systems are tiny and designed for labs or niche markets. Logistics including raw material supply, algal growth rates, and harvesting optimisationoptimization must be overcome to scale up to commercial levels. If microalgae production cannot be optimisedoptimized to cut costs, algae-based diets may be less cost-effective. Algae competes poorly with fishmeal in aquaculture feeds due to its high production cost[40]. 

3. Fishmeal is now more cost-effective than microalgae, despite sustainability difficulties. Fishmeal prices depend on wild-caught fish availability and demand in pet food and animal feeds. Microalgae manufacturing costs are expensive due to culture method, raw material expenses, and energy usage. Efficiency, culture technology, and economies of scale must lower production costs to make microalgae a long-term fishmeal alternative[4].

Nutritional Balance

Before microalgae may be widely employed in aquaculture, the nutritional balance in fish diets must be optimisedoptimized. Microalgae include protein, vital fatty acids, vitamins, and minerals, although their nutritional profiles vary by species and culture circumstances. 

1. Protein and Amino Acid Imbalance: Despite its high protein content, microalgae may lack essential amino acids for fish growth. Protein-rich chlorella may lack methionine, an amino acid essential for rainbow trout and other fish. Microalgae-based diets may need amino acids or other feed additives to satisfy nutritional demands due to this imbalance. These supplements can enhance the cost of microalgae-based diets, making aquaculture adoption harder[41].
 
2. Fatty Acids: Some microalgae include omega-3 fatty acids like EPA and DHA, however not all meet fish nutritional demands. Omega-3s are needed for rainbow trout's health and growth, although Spirulina is strong in protein but low in omega-3s. Microalgae may not meet fish nutritional needs without other lipid-rich sources or omega-3 oils. The diet must balance fatty acids for development, immunity, and health[42].

3. Vitamins and Minerals: Microalgae include critical vitamins and minerals such vitamin A, B vitamins, and phosphorus, although their concentrations differ across species. Some microalgae, such Haematococcus, are high in astaxanthin, a carotenoid that might increase salmonid colourationcoloration, although other micronutrients may be lower than in standard fishmeal. To address fish nutritional needs, microalgae-based diets typically need supplementation or algae blending to get a balanced vitamin and mineral profile[43].

Technological and Operational Barriers

Large-scale microalgae aquaculture is technologically and operationally impractical. These hurdles mostly include production, harvesting, and microalgae incorporation into aquaculture feed systems. 

1. Open ponds or closed photobioreactors produce microalgae. Pollution, environmental management issues, and low productivity make open ponds inexpensive but inefficient. Closed photobioreactors manage growth conditions and increase productivity and culture purity, but they are expensive to install and run. To overcome technical restrictions, new cost-effective and efficient cultivation methods are needed. Bioreactor architecture, nutrient management, and algal strain selection must improve to support large-scale algae production[39].
 
2. Harvesting and processing microalgae from cultivation systems is complicated. Microalgae harvesting requires arduous and costly filtration, centrifugation, or flocculation. Energy for these procedures may increase manufacturing costs. After harvesting, algae must be dried to preserve shelf life, which uses energy and resources. To be profitable, algae-based aquaculture feeds must be gathered and processed more effectively and affordably[44]. 


3. Microalgae in aquaculture feed systems requires feed formulation, processing, and delivery changes. Combine microalgae with other feed to offer a balanced diet. Avoid feed texture, palatability, and stability issues by carefully blending. Microalgae costs more than fishmeal, therefore feed mix may need to be altered. Extrusion and pelletisingpelletizing technologies must improve to successfully incorporate microalgae into commercial feed systems[45].
 
Microalgae can replace fishmeal in aquaculture diets as a sustainable protein and mineral source. For wider acceptability, several challenges must be addressed. Economic and manufacturing costs, appropriate nutritional characteristics, and technological barriers to large-scale production restrict output. To solve these issues, microalgae-based meal production, harvesting, processing, and nutrition must be studied. Microalgae can help sustainable aquaculture overcome these limits and minimiseminimize its fishmeal dependence and environmental impact. Table 1 lists the key difficulties and solutions for introducing microalgae to aquaculture diets[30].

Table 1 Microalgae in Rainbow Trout Aquaculture: key difficulties and solutions for introducing microalgae to aquaculture diets.

	Challenge
	Description
	Potential Solutions / Research Directions

	High Production Costs
	Cultivation, harvesting, and drying microalgae are energy- and resource-intensive, making costs higher than fishmeal.
	Develop cost-effective bioreactors, use industrial CO₂/wastewater as inputs, scale-up production to achieve economies of scale[46].

	Nutrient Imbalance
	Some species lack essential amino acids (e.g., methionine) or sufficient omega-3 fatty acids.
	Supplement diets with amino acids or combine multiple microalgae species to balance nutrients[47].

	Scalability Issues
	Current systems are optimized for small-scale/lab production. Large-scale reliability is limited.
	Improve strain selection, optimize large-scale photobioreactors, integrate with circular bioeconomy systems[48].

	Digestibility Concerns
	High fiber or anti-nutritional compounds can reduce feed efficiency.
	Apply pre-treatment (enzymatic, fermentation) to improve digestibility[49].

	Economic Competitiveness
	Fishmeal remains cheaper and widely available.
	Research into subsidies, policy incentives, and market integration for sustainable feeds[50].

	Limited Long-Term Data
	Most studies are short-term and do not assess reproductive performance or full lifecycle effects.
	Conduct long-term feeding trials assessing growth, reproduction, and environmental impacts[51].



8. Future Research Directions and Opportunities
Microalgae can replace fishmeal in aquaculture diets, promising a sustainable future. Several areas need more study and development before microalgae may be widely used in industry. These include optimising microalgae diets for specific fish species, such as rainbow trout, conducting long-term studies to assess the broader impacts of microalgae-based feeds, improving algae cultivation techniques, and exploring its use in other aquaculture species. This section discusses various research directions and prospective improvements[52].

Optimization of Microalgae Diets

Microalgae incorporation in rainbow trout diets should be optimisedoptimized in future research. Numerous studies have indicated microalgae's potential in aquaculture, however the exact inclusion levels needed to optimiseoptimize growth, feed conversion efficiency, and nutrient retention remain unclear. 

1. Microalgae Inclusion Levels and Species-Specific Needs: Rainbow trout diets should be researched for microalgae levels. Inclusion levels between 5% and 15% have shown advantages in various studies, however diets should include fish species' demands. Research is needed to identify how to include microalgae such Chlorella, Spirulina, Haematococcus, and Tetraselmis into trout diets at various amounts while maintaining balanced nutrition. Optimal aquaculture feeds involve the proper microalgae-to-fishmeal ratio and blending algae species for complete nutrition[53].

2. Balancing Nutrient Profiles: Microalgae include protein, amino acid, fatty acid, and bioactive chemicals including carotenoids and antioxidants. Rainbow trout need certain nutrients, thus microalgae-based diet studies should balance them. Ensure you have adequate vitamins, minerals, amino acids, and omega-3s. More research into plant-based proteins and synthetic amino acids may increase microalgae-based meals' nutritional content[54].

Long-Term Studies

Short-term research havehas shown that microalgae-based diets improve growth and feed conversion, but long-term studies are needed to understand their effects on fish health, productivity, and environmental sustainability. Long-term study would reveal how microalgae-based diets affect rainbow trout development, reproduction, and lifespan, as well as the ecological impacts of substituting fishmeal with microalgae. 

1. Extensive experiments are needed to assess the long-term health and productivity of rainbow trout on microalgae-based diets. In particular, microalgae-based meals must be tested for long-term fish growth and disease resistance. Long-term studies should also examine if microalgae incorporation affects reproductive performance, since nutritional imbalances may alter spawning or egg quality. Industry adoption will depend on knowing how microalgae-based diets affect aquaculture productivity over time, including economic feasibility, profitability, and sustainability[55].

2. Environmental Impact: Long-term research can evaluate the environmental impact of microalgae in aquaculture. This involves assessing if reducing fishmeal intake reduces nutrient excretion, aquaculture system environmental impact, and sustainability. Over time, measuring microalgae-based feed production's carbon footprint, water use, and energy use will reveal its ecological benefits[30].

Innovations in Microalgae Production

The high cost of microalgae cultivation hinders its usage in aquaculture. Microalgae cultivation and harvesting are expensive and resource-intensive, making it hard to compete with fishmeal. To overcome these issues, algae production methods must be scaled up, optimisedoptimized, and cost-effective. 

1. Bioreactor Technology: Advanced bioreactor technologies are essential for microalgae production scalability and cost-efficiency. Controlled bioreactors optimiseoptimize growth, production, and prevent contamination. Bioreactor design, energy efficiency, and algal species growth optimisationoptimization should be researched in the future. Integrating waste streams like industrial carbon dioxide into algae culture might cut costs and enhance sustainability by using waste as a resource[56].

2. Genetic Engineering: Microalgae may be increased in nutritional value, growth rate, and production by genetic alteration. Genetically enhanced microalgae strains may convert light and carbon dioxide into biomass more efficiently or contain more critical nutrients including omega-3 fatty acids, protein, and carotenoids. Genetic engineering might potentially make microalgae more resistant to temperature, salt, and diseases, enhancing aquaculture conditions[57]. 

3. To make microalgae more economically competitive with traditional fishmeal, research into cost-reduction tactics for culture, such as effective fertiliserfertilizer management and improved harvesting procedures, is crucial. Algae harvesting, drying, and processing innovations might cut production costs, making microalgae-based feeds more affordable for large-scale aquaculture[58].

Broader Applications

Most study on microalgae as a fishmeal replacement has focused on rainbow trout, although other aquaculture species might benefit from it. Different fish species have different nutritional needs,needs; thus microalgae may be better for some. 

1. Further study should investigate the usage of microalgae in several aquaculture species, including salmon, tilapia, and prawns. Microalgae may need to be adjusted to these animals' diets. Carnivorous animals like salmon may need more omega-3 fatty acids, making algae rich in these nutrients important. Tilapia, an omnivore animal, may benefit from an altered nutritional balance, needing study into algae with more carbohydrate[59].

2. Large-Scale Commercial Operations: Microalgae can replace fishmeal in large-scale aquaculture, but cost and scalability difficulties must be overcome. The economic viability of algae production, market integration, and global aquaculture feed supply chains should be considered in future studies on microalgae incorporation into commercial feeds[60].

A sustainable alternative to fishmeal in aquaculture diets, microalgae need further research to be successfully integrated into commercial aquaculture systems. Optimising microalgae inclusion levels, conducting long-term studies to assess the broader impacts on fish health and productivity, reducing cultivation costs, and using microalgae in more aquaculture species are key research directions. Microalgae can help build a sustainable aquaculture business by filling these research gaps.

9. Conclusion
As a sustainable fishmeal replacement, microalgae was tested on rainbow trout growth, feed conversion efficiency, and nutrient excretion. High protein, essential amino acid, omega-3 fatty acid, and vitamin concentrations make microalgae a possibility. Several studies show that microalgae-based diets can support equivalent or greater growth rates than fishmeal-based diets and minimiseminimize nitrogen and phosphorus excretion. These findings suggest that microalgae boost aquaculture efficiency and sustainability. Microalgae can replace fishmeal for sustainable aquaculture. Microalgae diminish fishmeal, overfishing, and fish farming's environmental effect. Their manufacture may employ renewable resources, making them a greener feed component.

Microalgae-based diets for rainbow trout and other aquaculture species need more research. Future study should evaluate optimal inclusion levels, cost-effective production methods, and long-term fish health and ecological effects. Continuous microalgae research will reveal their full potential as a sustainable and scalable aquaculture solution, assuring their economic and environmental sustainability.
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