
 Iranian Journal of Fisheries Sciences                                     
http: doi.org/ 10.22092/ijfs.2026.135850                                                                                                                            2026, 25(4) 691-727 

www.jifro.ir 

Research Article 

Sustainability of fishmeal and fish oil production: Balancing 

aquaculture demand with food security and marine biodiversity  

Sharifinia M.1*, Khanjani M.H.2, Valinassab T.3 

1Shrimp Research Center, Iranian Fisheries Sciences Research Institute (IFSRI), Agricultural Research, Education and 

Extension Organization (AREEO), Bushehr, Iran  

2Department of Fisheries Sciences and Engineering, Faculty of Natural Resources, University of Jiroft, Jiroft, Kerman, Iran  

3Iranian Fisheries Sciences Research Institute (IFSRI), Agricultural Research, Education and Extension Organization 

(AREEO), Tehran, Iran  

*Corresspondence: moslem.sharifinia@yahoo.com  

 
 

Keywords  Abstract 

 

Fish meal and fish oil (FMFO),  

Sustainable food security, 

Biodiversity conservation, 

Alternative protein sources, 

Multi-stakeholder approach 

 

 

 

 

 

 

 
This review provides a comprehensive analysis of the 

challenges and opportunities associated with optimizing 

fish meal and fish oil (FMFO) production for sustainable 

food security and biodiversity conservation. FMFO is an 

important source of omega-3 fatty acids, but its production 

has negative environmental and social impacts. The article 

reviews various technological, market, and consumer 

trends that could shape the future of FMFO production, 

such as alternative protein sources, precision feeding 

technologies, circular economy models, and integrated 

multi-trophic aquaculture (IMTA) systems. The article 

emphasizes the need to balance food security and 

biodiversity conservation, highlighting the detrimental 

effects of overfishing wild fish stocks for FMFO 

production. To address this issue, the article advocates for 

informed consumer choices and sustainable sourcing 

practices, stressing the importance of transparency and 

traceability in the FMFO supply chain. A multi-

stakeholder approach is necessary to optimize FMFO 

production for sustainability and conservation, taking into 

account the perspectives and needs of all stakeholders 

involved. By embracing sustainable practices and 

innovative technologies, FMFO production can become 

more efficient and environmentally friendly while meeting 

the growing demand for this essential source of omega-3 

fatty acids. 
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Introduction 

Fishmeal and fish oil (FMFO) production is a 

crucial component of the global food system, 

providing essential nutrients for aquafeed 

used in fish and shrimp farming (Sharifinia et 

al., 2025a; Sharifinia et al., 2025b). FMFO is 

produced by processing small pelagic fish, 

which are rich in protein and omega-3 fatty 

acids. As the global population grows and 

seafood demand intensifies, FMFO becomes 

increasingly important for ensuring food 

security (FAO, 2020). Notwithstanding its 

significance, the sustainability of FMFO 

production has come under scrutiny, 

particularly regarding its potential adverse 

impacts on marine ecosystems.  

A disproportionate share of the most 

environmentally intensive feed resources is 

allocated to a limited segment of aquaculture 

production, thereby amplifying the 

environmental footprint per unit of edible 

output (Emerenciano et al., 2025). This 

structural reliance has given rise to a 

fundamental sustainability paradox. While 

FMFO are widely regarded as indispensable, 

high-performance inputs for intensive 

aquaculture systems, their continued 

production exerts escalating pressure on 

marine ecosystems and undermines the 

foundations of ocean food security and 

biodiversity. The large-scale extraction of 

small, nutrient-dense forage fish, which serve 

as key prey for wild predatory fish, marine 

mammals, and seabirds, and their diversion 

into animal feed streams result in a net loss of 

biomass and essential nutrients from marine 

food webs. This process ultimately 

destabilizes trophic dynamics and 

undermines ecosystem resilience. (Naylor et 

al., 2021; Costello et al., 2023). 

The FMFO industries has been shown to pose 

a significant threat to marine biodiversity 

(Tacon and Metian, 2013; Froehlich et al., 

2018; Costello et al., 2020). Overfishing of 

small pelagic fish, a primary source of raw 

material for FMFO production, can lead to 

the depletion of target fish stocks, as well as 

the incidental capture of non-target species, 

including endangered and protected species, 

thereby negatively affecting marine 

biodiversity (Worm et al., 2006; FAO, 2020). 

FMFO production can generate substantial 

waste that contribute to water pollution and 

negatively impact marine ecosystems 

(Froehlich et al., 2018). In addition, the use 

of non-pelagic fish species for FMFO 

production can increase pressure on these 

species and their ecosystems, resulting in 

additional negative impacts on biodiversity 

(Tacon and Metian, 2013; Naylor et al., 

2021). However, the FMFO industry is only 

one of many factors affecting marine 

biodiversity, and other industries and 

activities, such as climate change and 

pollution, also play critical roles in degrading 

marine ecosystems (Worm et al., 2006; 

Halpern et al., 2008). Therefore, it is crucial 

to manage FMFO industry and other human 

activities sustainably, reducing overfishing, 

minimizing waste and pollution, and 

promoting responsible and sustainable 

fishing practices to minimize impacts on 

marine biodiversity and ensure the long-term 

health of our oceans (Troell et al., 2014). 

FMFO are crucial components of animal 

feed, providing essential nutrients for farmed 

animals such as poultry, pigs, and farmed 

fish. However, the production of FMFO can 

have serious negative impacts on marine 

ecosystems, including overfishing and habitat 

destruction (Tacon and Metian, 2008). As the 

global population continues to grow, it is 

essential to strike a balance between 

producing enough food to feed everyone and 
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conserving marine biodiversity. To address 

this challenge, researchers and policymakers 

are exploring ways to optimize the 

production of FMFO through sustainable 

practices that minimize environment impacts 

and promote biodiversity conservation. By 

adopting such practices, we can ensure that 

we can meet food production needs without 

compromising the health of our oceans and 

marine life. 

Growing awareness of the need to reconcile 

FMFO production with global food security 

and biodiversity has spurred significant 

research. Current efforts focus on exploring 

alternative ingredients and innovative 

production techniques that minimize 

environmental harm while safeguarding 

marine ecosystems (Tacon and Metian, 

2013).  

Despite growing research and efforts to 

optimize FMFO production for sustainable 

food security and biodiversity conservation, 

significant challenges persist. These include 

the need for robust policy and regulatory 

frameworks, as well as the promotion of 

sustainable practices throughout the entire 

FMFO supply chain (Tacon and Metian, 

2009). Achieving a balance between FMFO 

production and biodiversity conservation is 

imperative to ensure a more sustainable and 

resilient food system for future generations. 

By adopting sustainable practices, we can 

preserve the health of our oceans and marine 

life while meeting the increasing demand for 

food as the global population continues to 

grow. 

Therefore, the aim of the review is to 

emphasize the importance of balancing 

FMFO production with biodiversity 

conservation for sustainable food security. It 

also discusses the adverse effects of FMFO 

production on marine ecosystems and 

advocates the adoption of sustainable 

practices to reduce these impacts. The review 

highlights the challenges involved in 

achieving sustainable FMFO production and 

underscores the need of striking a balance 

between FMFO production and biodiversity 

conservation to ensure a more sustainable and 

resilient food system for future generations. 

 

Materials and methods 

This manuscript was developed using a 

structured and systematic approach to ensure 

comprehensive coverage of the scientific 

literature related to fishmeal and fish oil 

(FMFO) production, alternative protein 

sources, and sustainable aquaculture 

practices. The methodological framework 

included clearly defined search strategies, 

eligibility criteria, and thematic synthesis. 

 

Literature search strategy 

A systematic search of the scientific literature 

was conducted across major academic 

databases, including Web of Science, Scopus, 

ScienceDirect, and Google Scholar. These 

sources collectively cover the biological, 

nutritional, technological, and ecological 

aspects of FMFO alternatives and sustainable 

aquaculture. 

The references incorporated in the 

manuscript reflect studies on: 

- Insect meals (e.g., Tenebrio molitor, 

Hermetia illucens) 

- Biofloc-based meals and microbial floc 

systems 

- Plant protein ingredients  

- Aquaculture by-products and circular 

economy approaches 

- Sustainability frameworks and One Health 

perspectives 

- Optimization of fishmeal/oil extraction 

and environmental impact assessments 
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These publications form the exclusive data 

foundation for this manuscript. 

 

Keywords and thematic terms 

The selection of studies aligns with specific 

thematic keywords reflected throughout the 

manuscript, including: 

“fishmeal replacement”, “insect meal”, 

“black soldier fly”, “mealworm”, “biofloc 

meal”, “plant proteins”, “soybean meal”, 

“rapeseed meal”, “cottonseed meal”, 

“fermented proteins”, “aquaculture 

by-products”, “circular economy”, 

“sustainable aquaculture”, and “One Health”. 

These terms match the topics represented in 

the tables (insects, biofloc, plant-based 

proteins) and cited literature. 

 

Timeframe of literature 

The dataset used in the manuscript spans the 

years 2007–2025, as indicated by the 

publication dates of the references included. 

Recent studies from 2023–2025 were 

incorporated to ensure up-to-date scientific 

coverage on emerging FMFO alternatives 

and aquafeed innovations. 

 

 

Inclusion criteria 

The literature included in this review consists 

solely of: 

- Peer-reviewed journal articles cited in the 

manuscript 

- Studies evaluating fishmeal replacement 

levels (0–100%) using insect, plant, or 

biofloc-derived ingredients 

- Research providing measurable data 

(growth performance, feed efficiency, 

blood biochemical indices, immune 

responses, fatty acid profiles) 

- Studies involving economically relevant 

species  

- Research integrated into the manuscript’s 

tables (insect-based protein, biofloc meal, 

plant protein sources) 

 

Exclusion criteria 

The review excluded: 

• Non-peer-reviewed documents 

• Gray literature not presents in the 

manuscript 

• Publications unrelated to fishmeal 

replacement, aquaculture nutrition, or 

sustainability 

• Speculative or non-data-driven studies 

• Only the sources explicitly cited in the 

manuscript were used. 

 

Data extraction and evidence synthesis 

Data were extracted directly from the studies 

summarized in Tables 1–3 of the manuscript, 

which include: 

- Insect meal studies evaluating substitution 

levels (e.g., 6.25–100% replacements), 

suitable inclusion rates, and species-

specific outcomes. 

- Biofloc and microbial floc studies 

involving wet biofloc biomass, 

ex-situ/in-situ floc, and processed floc 

meals with replacement values from 0 to 

100%. 

- Plant protein sources such as SBM, CSM, 

RSM, CM, PCM, CPC, FRP, CGM, SFM, 

and HP-DDG, including optimal inclusion 

percentages as reported in the literature. 

These datasets were synthesized to evaluate 

comparative nutritional performance, growth 

outcomes, environmental implications, and 

applicability of FMFO alternatives in 

aquaculture. 

 

Organization of the review 

The narrative structure of the review, as 

reflected in the manuscript, follows the 
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classification of the extracted data into major 

themes: 

1. Insect-derived proteins and their 

physiological impacts 

2. Biofloc technology and microbial-derived 

protein sources 

3. Plant-based protein ingredients and 

fermented meals 

4. Aquaculture and fishery by-products as 

circular economy resources 

5. Implications for food security, 

biodiversity, and sustainable production 

systems 

This organizational approach allowed for the 

integration of diverse data sources into a 

coherent synthesis aligned with the scope of 

the manuscript. 

 

Current challenges in FMFO production and 

their impact on sustainability and 

conservation efforts 

Ensuring the sustainability of FMFO 

production is crucial for its continued role in 

the aquaculture industry and the global food 

system. However, several challenges remain 

to be addressed to minimize its impact on 

marine ecosystems. Overfishing of small 

pelagic fish, which are the primary source of 

FMFO, can lead to a decline in their 

populations, ultimately affecting the wider 

marine ecosystem and biodiversity (Pauly et 

al., 2002). Unsustainable fishing practices, 

such as the use of unregulated fishing gear 

and high levels of bycatch, can contribute to 

the depletion of marine ecosystems (FAO, 

2018). Moreover, environmental impacts 

associated with FMFO production, such as 

the release of pollutants, greenhouse gases, 

and nutrients into the surrounding waters, can 

pose significant challenges to the quality of 

water and soil (Ghamkhar and Hicks, 2020; 

Hilmarsdóttir et al., 2022). The limited 

availability of alternative protein sources is 

another challenge facing FMFO production. 

While the use of alternative protein sources in 

aquafeed can reduce the demand for FMFO, 

their nutritional value may not be as high as 

that of FMFO, and their availability is limited 

(Naylor et al., 2009). To address these 

challenges, a range of strategies must be 

employed. Improving fishing practices, 

reducing bycatch, and promoting sustainable 

aquaculture practices can reduce the demand 

for FMFO (Tacon and Metian, 2009, 2013; 

FAO, 2018). Additionally, using alternative 

protein sources, such as plant-based proteins, 

can help minimize the impact of FMFO 

production on marine ecosystems and reduce 

the demand for FMFO (Naylor et al., 2009). 

Furthermore, the development of new 

technologies to improve FMFO production 

efficiency and reduce environmental impacts 

can contribute to sustainability efforts 

(Sarker, 2023; Bohnes and Laurent, 2021). In 

conclusion, the challenges facing FMFO 

production must be addressed through a 

comprehensive approach that considers the 

environmental, social, and economic 

dimensions of sustainability. This approach 

can help ensure the sustainability of small 

pelagic fish populations and marine 

ecosystems. 

 

Optimizing FMFO Production for 

Sustainable Food Security and Biodiversity 

Conservation 

There are several strategies that can be 

employed to optimize FMFO production and 

achieve sustainable food security and 

biodiversity conservation. 

 

Improved fisheries management  

Sustainable fisheries management is essential 

for maintaining the health and productivity of 
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marine ecosystems, as well as for ensuring 

the long-term viability of FMFO production. 

Overfishing of small pelagic fish can have 

significant impacts on marine ecosystems, 

including changes in the food web, reduced 

biodiversity, and loss of ecosystem services. 

By reducing bycatch and implementing quota 

systems, fisheries managers can help ensure 

that fish populations are harvested at 

sustainable levels, promoting the 

conservation of marine biodiversity and the 

sustainability of FMFO production. Reducing 

bycatch is an important strategy for 

minimizing the impact of FMFO production 

on non-target species. Bycatch can include 

endangered or threatened species, as well as 

juveniles of the target species, which can 

affect the sustainability of fish populations. 

By implementing measures to reduce 

bycatch, such as the use of selective fishing 

gear, fisheries managers can minimize the 

impact of FMFO production on non-target 

species, promoting the long-term 

sustainability of marine ecosystems (Hall and 

Mainprize, 2005). Implementing quota 

systems can also help ensure the 

sustainability of FMFO production. Quotas 

can be set based on the biology and ecology 

of the target species, as well as on the needs 

of other marine species that depend on them 

for food. By limiting the number of fish that 

can be harvested, fisheries managers can help 

ensure that fish populations are not 

overexploited, promoting the long-term 

sustainability of FMFO production (Worm et 

al., 2009; Belhabib et al., 2014; Hilborn et al., 

2020). Overall, sustainable fisheries 

management practices such as reducing 

bycatch and implementing quota systems are 

essential for achieving sustainable FMFO 

production and promoting the conservation of 

marine biodiversity. 

Sustainable aquaculture practices 

Developing sustainable aquaculture 

practices, such as recirculating aquaculture 

systems (RAS), integrated multi-trophic 

aquaculture (IMTA), and biofloc technology 

(BFT), can help reduce the demand for wild-

caught fish and FMFO (Tacon and Metian, 

2013). These practices can also help 

minimize the environmental impact of FMFO 

production and contribute to the conservation 

of marine biodiversity. RAS is a closed-loop 

system that recirculates water within the 

production unit, reducing the need for water 

exchange and the risk of disease 

transmission. Implementing RAS has been 

shown to improve water quality, increase fish 

production, and minimize the environmental 

impact of aquaculture. For example, salmon 

farmers in Norway have successfully reduced 

water usage by up to 99% and decreased fish 

waste released into the environment by using 

RAS (Badiola et al., 2012; Troell et al., 

2014). IMTA involves co-cultivating 

multiple species in a single production unit, 

utilizing waste products from one species as 

a nutrient source for another. This approach 

can increase production efficiency and reduce 

the environmental impact of aquaculture. In 

China, IMTA systems have been effectively 

implemented, co-cultivating seaweed and 

shellfish with finfish to improve water quality 

and nutrient utilization (Chopin et al., 2001). 

Implementing RAS, IMTA, and BFT can also 

reduce the demand for wild-caught fish and 

FM while contributing to marine biodiversity 

conservation. By promoting sustainable 

aquaculture practices, we can ensure a 

thriving aquaculture industry while 

minimizing its negative impact on the 

environment. 
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Alternative protein sources 

The use of fishmeal and fish oil (FMFO) in 

aquafeed has been a longstanding concern 

due to its environmental impact and 

contribution to overfishing. To address this 

issue, alternative protein sources have been 

developed and implemented in aquafeed. 

Insect meal and microbial protein are two 

promising alternative protein sources that 

have shown potential in reducing the demand 

for FMFO and mitigating its environmental 

impact (Naylor et al., 2000; Naylor et al., 

2009; Naylor et al., 2021). Insect meal has a 

similar nutritional profile to fishmeal and has 

already been used in aquafeed for some 

species, such as rainbow trout (van Huis et 

al., 2013). Additionally, microbial protein, 

derived from microorganisms like bacteria 

and yeast, has shown promise as a potential 

replacement for FMFO in aquafeed. Plant-

based proteins, such as soybean meal and 

corn gluten meal, have also been successfully 

used in aquafeed for various species, 

including tilapia and common carp. 

Incorporating plant-based proteins in 

aquafeed can help reduce the impact of 

FMFO production on marine ecosystems and 

biodiversity (Naylor et al., 2021). 

Implementing alternative protein sources in 

aquafeed not only contributes to the 

sustainability of the aquaculture industry but 

also promotes the conservation of marine 

ecosystems and biodiversity. By reducing the 

demand for FMFO, we can mitigate its 

environmental impact and ensure the long-

term viability of the aquaculture industry. 

 

Insect meal 

The emergence of insect production as a 

protein feed source for aquaculture represents 

a significant advancement in sustainable food 

systems, addressing the growing demand for 

protein without competing with human food 

resources (Sharifinia, 2024). Insects, 

characterized by their rapid life cycles and 

adaptability, can thrive on a diverse range of 

high-efficiency substrates, making them an 

ideal candidate for aquaculture feed 

(Berggren et al., 2019; Sharifinia et al., 2023; 

Sharifinia et al., 2023; Islam et al., 2024). 

This adaptability not only enhances their 

growth potential but also allows for the 

utilization of organic waste, contributing to a 

circular economy. 

Among the various insect species, the black 

soldier fly (Hermetia illucens), common 

housefly (Musca domestica), and yellow 

mealworm (Tenebrio molitor) have garnered 

particular attention due to their favorable 

nutritional profiles and growth 

characteristics. These species typically 

exhibit crude protein contents ranging from 

40% to 63%, with defatted insect meal 

potentially reaching up to 83% crude protein 

(Hua et al., 2019). Such high protein levels, 

combined with their amino acid profiles, 

position insect meal as a viable alternative to 

traditional FM in aquaculture diets, which is 

crucial for meeting the nutritional needs of 

farmed fish. The amino acid profiles of 

insects are taxon-dependent, with variations 

observed among different species. Notably, 

members of the Diptera group often display 

amino acid profiles that are similar to those of 

FM, making them particularly suitable for 

aquaculture applications (Tran et al., 2015). 

Furthermore, the crude fat content in insects 

can vary significantly, ranging from 8.5% to 

36%. This variability is influenced by factors 

such as the insects' growth stages and the 

substrates used for their cultivation. While 

insects generally contain lower levels of 

omega-3 fatty acids, such as 

eicosapentaenoic acid (EPA) and 
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docosahexaenoic acid (DHA), they tend to 

have higher levels of omega-6 fatty acids 

compared to FM. The quality of lipids in 

insect meal can be enhanced through strategic 

substrate selection. For instance, 

incorporating nutrient-rich substrates, such as 

fish offal, during insect cultivation can 

increase the levels of beneficial fatty acids 

like EPA and DHA. However, this approach 

may present economic challenges compared 

to directly feeding fish by-products to 

aquaculture species. Additionally, the 

vitamin and mineral content of insect meal is 

highly dependent on the type of substrate 

used, underscoring the importance of careful 

substrate management in optimizing the 

nutritional value of insect-based feeds (Henry 

et al., 2015; Islam et al., 2024). 

Insects are also characterized by their low 

carbohydrate content, typically less than 

20%, primarily in the form of chitin. While 

chitin is often regarded as anti-nutritive and 

indigestible by fish (Rust, 2003), recent

 studies have indicated that low levels of 

chitin may act as an immune stimulant, 

potentially enhancing the health and 

resilience of aquatic species (Henry et al., 

2015). This dual role of chitin highlights the 

need for further research to fully understand 

its implications in aquaculture nutrition. 

Most studies investigating the 

replacement of FM with insect meal advocate 

for partial substitution to optimize growth 

performance and health outcomes (Table 1). 

For example, research on Atlantic salmon 

(Salmo salar) demonstrated that insect 

powder derived from black soldier fly larvae 

could completely replace FM at a dietary 

inclusion rate of 14.75% (Belghit et al., 

2019). Similarly,  yellow mealworm-derived 

insect meal improved the growth 

performance of rainbow trout (Oncorhynchus 

mykiss) at graded inclusion levels from 5% to 

25%, achieving full replacement of FM 

(Rema et al., 2019).  

 

 

Table 1: Studies on using insect meal in aquaculture diets. 

Cultured species Insect species 
Substituted values in diet 

(%) 

Suitable amount 

(%) 
Reference 

Litopenaeus 

vannamei 

Tenebrio 

molitor 
15, 30, 60 and 100 60 

(Sharifinia et al., 

2023a, b) 

Oncorhynchus 

mykiss 
T. molitor 100 100 (Terova et al., 2021) 

Salmo salar 
Hermetia 

illucens 

6.25, 12.5 and 25 or 3.7 and 

6.7 
25 

(Weththasinghe et al., 

2021) 

Lates calcarifer H. illucens 30 30 
(Chaklader et al., 

2021) 

Oreochromis 

niloticus 
H. illucens 10, 20, 40, 60, 80 and 100 100 

(Tippayadara et al., 

2021) 

Dicentrarchus 

labrax 
H. illucens 6.5, 13, and 19.5 19.5 

(Moutinho et al., 

2021) 

O. mykiss 
H. illucens and 

T. molitor 
50 and 50 50 (YM) 

(Melenchón et al., 

2022) 

Trachinotus ovatus H. illucens 25 and 50 50 (Yu et al., 2023) 

Micropterus 

salmoides 
H. illucens 1,2, and 4 2 (Peng et al., 2021) 

Sparus aurata H. illucens 9.2, 18.4 and 27.6 18.4 (Gai et al., 2023) 
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Table 1 (continued): 

Cyprinus carpio H. illucens 2.6, 5.3, 7.9 and 10.6 5.3 (Li et al., 2017) 

Argyrosomus 

regius 
T. molitor 10 and 20 10 (Saavedra et al., 2023) 

O. mykiss T. molitor 50  
(Melenchón et al., 

2023) 

Acipenser baerii 
H. illucens and 

T. molitor 
15 (BSF) or 15 (YM)  (Józefiak et al., 2019) 

C. carpio 

Earthworm 

meal 

(Eisenia fetida) 

and wormcast 

14.5, 14.8, 15.1, and 15.4 

(EM) or 1.8, 3.7 and 5.8 

(WC) 

15.4 (EM) Or 

15.1 (EM) + 1.8 

(WC) 

(Mi et al., 2022) 

Channa striata H. illucens 20, 50, 80, and 100 20 
(Muslimin et al., 

2023) 

Cynoglossus 

semilaevis 
H. illucens 25, 50, 75 and 100 25 (Li et al., 2022) 

Monopterus albus H. illucens 5.26, 10.52 and 15.78 15.78 (Hu et al., 2020) 

Lateolabrax 

japonicus 
H. illucens 16, 32, 48 and 64 64 (Wang et al., 2019) 

Argyrosomus 

regius 
T. molitor 10, 20 and 30 10 

(Coutinho et al., 

2021) 

Juvenile channel 

catfish 

Cricket meal 

(Gryllus 

bimaculatus) 

25, 50,75 and 100 100 (Fan et al., 2023) 

S. aurata H. illucens 33% and 66% up to 33% (Carvalho et al., 2023) 

Note: Black soldier fly (BSF), Yellow mealworms (YM), Earthworm meal (EM), Wormcast (WC). 

 

 

Comparable findings were observed in red 

sea bream (Pagrus major), where the 

inclusion of defatted yellow mealworm 

larvae at rates of 25% to 65% significantly 

enhanced growth performance and disease 

resistance (Ido et al., 2019). 

To further enhance the nutritional value 

of insect meal, researchers suggest 

combining it with complementary feed 

ingredients or manipulating the substrates 

used to improve fatty acid profiles, 

digestibility, and palatability. Additionally, 

defatting the insect source can increase the 

protein content in the final insect meal, 

making it even more suitable for 

aquaculture applications. Utilizing food 

waste as a substrate for insect cultivation 

not only improves resource efficiency but 

also transforms waste streams into valuable 

protein feeds for aquaculture, provided that 

local regulations support such practices. As 

technological advancements continue to 

drive the production of high-quality insect-

based products, the long-term potential of 

insect meal in aquaculture appears 

promising. This potential is contingent 

upon maintaining competitive pricing and 

establishing a sustainable supply chain, 

which will ultimately contribute to the 

resilience and sustainability of global 

aquaculture systems. 
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Biofloc meal 

Recent research has highlighted the 

potential of both wet biofloc harvested from 

natural farming environments and dry 

microbial meal, also known as biofloc meal 

(BFM), as viable alternatives in aquaculture 

feed formulations (Khanjani et al., 2025a; 

Khanjani et al., 2025b). These bioflocs 

serve multiple functions: they can lower the 

protein content of diets, replace fish meal 

(FM) in aquafeeds, and act as beneficial 

additives in aquatic nutrition (Shao et al., 

2017; Khanjani and Sharifinia, 2020, 2022; 

Khanjani et al., 2023; Khanjani et al., 

2024a; Pérez Rostro et al., 2024; Khanjani 

and Alizadeh, 2024). Bioflocs are intricate 

structures that form in the water column 

through complex interactions involving 

organic nutrients, physical substrates, and a 

variety of microorganisms, including 

phytoplankton, free and attached 

heterotrophic bacteria, organic particle 

aggregates, and other organisms such as 

grazers and cyanobacteria. These 

interactions are essential for the formation 

of bioflocs, which play a significant role in 

maintaining the health and balance of 

aquatic ecosystems (Abakari et al., 2022; 

Khanjani et al., 2024b). The utilization of 

biofloc in aquaculture diets has been 

summarized in various studies (Table 2), 

illustrating its potential benefits. 

Numerous experiments have explored 

the incorporation of nutrients from dried 

bioflocs, particularly BFM, into the diets of 

shrimp and tilapia (Lee et al., 2017; 

Binalshikh-Abubkr et al., 2021; Pérez 

Rostro et al., 2024). This innovative 

ingredient presents a broader opportunity to 

replace expensive feed components, 

thereby enhancing the economic viability 

of aquaculture (Bauer et al., 2012; Dantas 

Jr et al., 2016; Shao et al., 2017). Dried 

microbial particles can be sourced from 

various origins, significantly influencing 

their availability and application in 

aquaculture. One major source includes 

solid waste or by-products from production 

ponds or tanks, where the accumulation of 

organic matter and microbial activity 

results in nutrient-rich materials that can be 

harvested and processed into dried 

microbial particles. These by-products 

typically contain a diverse range of 

microorganisms, which can enhance the 

nutritional quality of the resulting feed. 

Another critical source of dried microbial 

particles is ex-situ BFM produced in 

bioreactors, where controlled conditions 

facilitate the cultivation of specific 

microbial communities. In these 

bioreactors, microorganisms are grown in 

nutrient-rich media, yielding concentrated 

biomass that can be harvested, dried, and 

utilized as a feed ingredient. This method 

not only guarantees a consistent and high-

quality product but also allows for the 

optimization of microbial strains beneficial 

for aquatic species. Collectively, these 

sources of dried microbial particles offer 

valuable alternatives to conventional feed 

ingredients, promoting sustainability and 

efficiency in aquaculture practices.
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Table 2: Studies on using biofloc in aquaculture diets. 

Cultured 

species 
Sources of biofloc 

Substituted values 

in diet (%) 

Suitable 

amount (%) 
Reference 

L. vannamei 
Microbial floc meal + 

soy protein concentrate 
0-100% 100% (Bauer et al., 2012) 

O. niloticus Wet biofloc biomass 0-100% 25% (Caldini et al., 2018) 

P. monodon Biofloc powder 0-100% 100 (Promthale et al., 2019) 

L. vannamei Wet biofloc biomass 33.3- 100% 33.3% (Khanjani et al., 2020) 

O. niloticus In-situ biofoc 5% and 10% 5% and 10% (Deng et al., 2021) 

L. vannamei Ex-situ biofloc 5% and 10% 5% 
(Uawisetwathana et al., 

2021) 

F. merguiensis Wet biofloc biomass 25-100% 25-50% 
(Khanjani and Sharifinia, 

2022) 

O. niloticus Wet biofloc biomass 
0, 15, 30, 45 and 

100% 
15% (Aliabad et al., 2022) 

C. mrigala Microfloc meal 0, 30, 40, and 50% 50% (Rani et al., 2017) 

O. niloticus Dried bioflocs 0-16% 4% 
(Binalshikh-Abubkr and 

Mohd Hanafiah, 2022) 

P. vannamei Biofloc meal 0-40% 30% (Nethaji et al., 2022) 

O. niloticus 
Synbiotic and biofloc 

meal 
3 g/ kg feed - (Hersi et al., 2023) 

O. niloticus Biofloc meals 5, 10, 15, and 20% 5 to 10% 
(Pérez Rostro et al., 

2024) 

O. niloticus Wet biofloc biomass 
25, 50, 75, and 

100% 
Up to 25% 

Khanjani and Sharifinia, 

2024 

 

Several studies have documented the benefits 

of substituting traditional and costly feed 

ingredients with dried biofloc or BFM. In 

various instances, BFM-based diets have 

shown comparable weight gain, survival 

rates, and feed efficiency to those fed with 

FM-based diets (Kuhn et al., 2009). For 

example, Khatoon et al. (2016) reported 

replacing commercial diets for L. vannamei 

with dried biofloc waste at levels of 25%, 

50%, 75%, and 100%, observing that 

postlarvae (PL) fed with 50% and 75% 

biofloc exhibited significantly higher specific 

growth rates and survival compared to other 

treatments. Similarly, Shao et al. (2017) 

found that substituting 15% of dietary FM 

with BFM did not adversely affect growth or 

feed conversion efficiency. Furthermore, 

Kuhn et al. (2009) noted a 50% improvement 

in weight gain for L. vannamei when a diet 

containing 16% crude protein was 

supplemented with concentrated microbial 

biofloc containing 49% crude protein. For 

Penaeus monodon, Glencross et al. (2015) 

conducted two studies where they 

supplemented diets with 10% of a low-

protein microbial biofloc (~4% protein), 

resulting in approximately 42% and 50% 

increases in growth, respectively. Anand et 

al. (2014) concluded that incorporating 4% to 

8% BFM into diets improved growth 

performance and digestive enzyme activity in 

P. monodon. 

Promthale et al. (2019) indicated that 

completely replacing FM with BFM did not 

compromise the growth of P. monodon, while 

also inhibiting the proliferation of Vibrio 

parahaemolyticus in the culture environment 

and enhancing innate immune responses, 

such as phenol oxidase activity, phagocytic 

activities, and total hemocyte counts. Pérez 

Rostro et al. (2024) found that supplementing 
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diets with 5% and 10% BFM resulted in high 

survival rates and increased growth in 

Oreochromis niloticus, comparable to control 

groups. While a 5% replacement may appear 

minimal, it aligns with the 4% reported by 

Binalshikh-Abubkr and Mohd Hanafiah 

(2022) in hybrid red tilapia (Oreochromis 

sp.). In contrast, the maximum level of 10% 

differs from the 20% reported by Prabu et al. 

(2018) in GIFT tilapia. These variations can 

be attributed to several factors, including the 

nutritional composition of the biofloc, the 

processing methods applied prior to use, and 

the ability of the cultured species to ingest 

and digest microbial biofloc (El-Sayed, 

2021). 

Khanjani et al. (2023) effectively 

illustrated the successful integration of 

biofloc meal into the feeding regimens of 

Penaeid shrimp and tilapia, resulting in 

favorable growth outcomes at various dietary 

inclusion rates ranging from 4% to 30%. As 

noted by Ekasari et al. (2014), biofloc is 

recognized as a significant protein source for 

Nile tilapia, which may help fulfill some of 

their essential amino acid needs for optimal 

growth. Conversely, Pérez Rostro et al. 

(2024) found that elevating the levels of 

biofloc meal (15% and 20%) in the diets led 

to a reduction in individual weight gain 

(IWG) and specific growth rate (SGR) in 

tilapia. This reduction could be attributed to 

dietary amino acid imbalances, as the biofloc 

processing aimed at producing heterotrophic 

biofloc was largely dominated by bacteria 

(Gallardo-Collí et al., 2019). 

It is clear that biofloc lacks essential 

amino acids, including arginine, lysine, and 

methionine (Ju et al., 2008). If these 

deficiencies are not adequately addressed by 

other components in the diet, particularly 

FM, they may lead to subclinical deficiencies 

in tilapia, ultimately resulting in slower 

growth rates. In the research conducted by 

Pérez Rostro et al. (2024), it was found that 

the protein content of the native biofloc was 

reduced due to the methods used in 

processing it into biofloc meal, which might 

also influence the levels of specific essential 

amino acids (Ekasari et al., 2014). In 

summary, while biofloc offers a promising 

alternative for aquaculture feed, it is crucial 

to carefully evaluate its nutritional 

composition and potential deficiencies to 

enhance growth performance in aquatic 

species (Khanjani, 2026). 

Plant-based proteins 

Plant-based protein sources are increasingly 

recognized as viable alternatives to FM in 

aquaculture due to their favorable protein 

composition, affordability, and consistent 

availability from diverse agricultural 

resources. These plant proteins are 

particularly advantageous for feeding aquatic 

species, offering numerous benefits for 

aquafeed formulation (Hussain et al., 2024). 

They can enhance the sustainability of 

aquaculture by reducing reliance on fish 

meal, which is often subject to fluctuating 

prices and availability. However, despite 

their benefits, plant proteins also present 

certain challenges when compared to fish 

meal. For instance, they typically contain a 

high level of cellulose, which can limit 

digestibility in aquatic animals (Jannathulla 

et al., 2019). Additionally, the amino acid 

profiles of many plant proteins are often 

imbalanced, lacking some essential amino 

acids (EAAs) such as lysine, tryptophan, and 

methionine. This deficiency can hinder 

optimal growth and health in fish and shrimp. 

Furthermore, plant proteins may have lower 

palatability, making them less appealing to 

some aquatic species, and they often contain 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              703 

anti-nutritional factors (ANFs) like phytic 

acid and enzyme inhibitors, which can 

negatively affect nutrient absorption and 

overall feed efficiency (Liu et al., 2021). 

These limitations raise important 

considerations for feed nutritionists regarding 

the feasibility of using plant proteins as 

effective substitutes for fish meal. Various 

studies have explored the potential of 

different plant and animal protein sources for 

either total or partial replacement of fish meal 

in aquafeed. Among plant proteins, soybean 

meal stands out as one of the most widely 

utilized options in fish feed formulations. Its 

global availability, cost-effectiveness, 

excellent nutritional profile, and relatively 

balanced amino acid composition make it a 

preferred choice for aquaculture (Gatlin III et 

al., 2007). Additionally, animal by-products 

such as meat and bone meal, poultry 

byproduct meal, and tankage meal have been 

identified as suitable alternatives to fish meal, 

offering good digestibility, nutritional value, 

and competitive pricing (Galkanda-

Arachchige et al., 2020).  

Table 3 illustrates the incorporation of 

plant-based proteins into the diets of various 

aquatic species, showcasing the extent to 

which these alternative protein sources can

replace traditional fish meal. The table 

highlights different species of fish and 

shrimp, detailing the specific types of plant 

proteins used, their inclusion levels, and the 

resulting effects on growth performance, feed 

efficiency, and overall health. This data 

underscores the potential for plant-based 

proteins to serve as effective substitutes in 

aquafeeds, contributing to more sustainable 

aquaculture practices. By examining the 

outcomes of these dietary adjustments, 

researchers and nutritionists can better 

understand the viability of plant proteins in 

meeting the nutritional needs of aquatic 

animals while also addressing the challenges 

associated with their use. 

 

Byproducts of the aquaculture industry and 

fishery 

Byproducts from the aquaculture and fishery 

sectors refer to the materials that remain after 

fish are processed on an industrial scale for 

human consumption (Hua et al., 2019). It is 

estimated that between 50% and 70% of these 

byproducts are classified as "inedible," 

primarily consisting of trimmings such as 

viscera, heads, skin, bones, and blood 

(Stevens et al., 2018). 

 

Table 3: Studies on using plant protein sources in aquaculture diets. 

Cultured species 
Plant protein 

sources 

Substituted values in 

diet (%) 

Suitable 

amount (%) 
Reference 

O. niloticus 
Moringa 

oleifera 
0, 5, 7, and 9 g/ kg diet 5 g/kg (El-Son et al., 2022) 

C. carpio M. oleifera 
0, 10, 20, 30, 40, and 

50% of crude protein 
30% (Ibrahim et al., 2018) 

O. mossambicus M. oleifera 0, 3, 6, 9, and 12% 9, and 12% 
(Mbokane and Moyo, 

2018) 

Pangasius bocourti M. oleifera 
0, 100, 150, and 200 

g/kg 
100 g/kg (Puycha et al., 2017) 

Labeo rohita M. oleifera 0, 10, 20, and 30% 30% (Masood et al., 2020) 

Cirrhinus mrigala M. oleifera 

0, 10, 20, 30, 40, and 

50% replacement of 

FM 

10% (Tabassum et al., 2021) 
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Table 3(continued): 

Cultured species 
Plant protein 

sources 

Substituted values in 

diet (%) 

Suitable 

amount (%) 
Reference 

Oncorhynchus 

mykiss 
M. oleifera 

10, 20, 30, and 40% 

replacement of FM 
20% (Labh, 2020) 

Sparus aurata M. oleifera 
0. 5, 10, and 15% 

supplementation 
15% 

(Jiménez-Monreal et 

al., 2021) 

Dormitator latifron 
Soybean meal 

(Glycine max) 
0, 40, 70, and 100% 100% 

(Badillo-Zapata et al., 

2021) 

Seriola dumerili SBM + inosine 

0, 25, 50 & 75% with 

or without inosine at 

0.6% 

50–75% (Hossain et al., 2018) 

Monopterus albus 

Soy protein 

concentrate 

(SPC) 

0, 15, 30, 45, 60, and 

75% 
26% (Zhang et al., 2019) 

Micropterus 

salmoides 

Fermented 

soybean meal 

(FSM) 

0, 20, 40, 60, and 80% 40% (Xu, Q. et al., 2022) 

Micropterus 

salmoides 
FSM 

Control, 75, 150, 225, 

and 300 g/kg 
150 g/kg (Yang et al., 2022) 

M. salmoides 

Cottonseed 

protein 

concentrate 

(CPC) 

0, 15, 30, 45, and 70% 45% (Xu, et al., 2022) 

Trachinotus ovatus 

CSM+ 

Acidified 

phytase 

0,20,40, and 60% 20% (Qin et al., 2022) 

Acanthopagrus 

schlegelii 
FCM 

0, 80, 160, and 240 

g/kg 
16% (Sun et al., 2015) 

Pseudobagrus 

ussuriensis 
CGM 

0, 10, 20, 30, 40, 50 & 

60 % 
40% (Bu et al., 2018) 

Acipenser baerii CPC 0, 15, 30, and 45 % 15% (Taati et al., 2022) 

Catla catla 
RSM with 

Probiotic 

34% RSM with 0, 1, 2, 

3, 4 & 5 g/kg of 

probiotics 

34% RSM 

with 2 g/kg of 

probiotics 

(Shahzad et al., 2022) 

Hemibagrus 

wyckioides 
RSM 

0, 11.2, 22.4, 33.6, and 

44.8 % 
11.2% (Zhang et al., 2020) 

Megalobrama 

amblycephala 
CM 

208.2, 279.4, 350.5, 

421.4, and 492.8 g/kg 
50% (Zhou et al., 2018) 

Huso huso 
Hydrolyzed 

canola protein 

0, 300, 400, 500 mg of 

protein 
500 mg 

(Ebrahimnezhadarabi 

et al., 2022) 

O. niloticus PCM 
0, 12.5, 25, 37.5, and 

50% 
25% 

(Mohammadi et al., 

2020) 

O. mykiss PM 0, 10, 20, and 30% 10% 
(Acar and Türker, 

2018) 

C. carpio GM 
0, 25, 50, 75, and 

100% 
50% 

(SD El‐Saidy et al., 

2005) 

O. niloticus 
Guar Sprout 

Meal 

0, 25, 50, 75, and 

100% 
25–50% 

(Priyadarshini et al., 

2020) 

O. niloticus SFM 
0, 25, 50, 75, and 

100% 
50% (Iqbal et al., 2022) 
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Table 3(continued): 

Cultured species 
Plant protein 

sources 

Substituted values in 

diet (%) 

Suitable 

amount (%) 
Reference 

C. carpio SFM 
0, 25, 50, 75, and 

100% 
75% (Rahmdel et al., 2018) 

L. rohita Almond meal 
0, 20, 40, 60, 80 and 

100% 
40% (Hussain et al., 2021) 

Monocirrhus 

polyacanthu 

Almond leaf 

extract 

0.25, 0.50, 0.75, 1.00, 

and 1.25 g/L 
0.75 g/L (Ramos et al., 2020) 

C. carpio Black seed 
Control, 0.25, 0.5 & 

1% 
- (Yousefi et al., 2021) 

O. niloticus Black seed meal 

0, 25, 50, 75, and 

100% of BSM 

alternative to SBM 

50% (Ahmed et al., 2018) 

O. mykiss Lupin meal 0, 15, 30, 45, and 60% 30% (Acar et al., 2018) 

O. niloticus 
Rice protein 

concentrate 
0, 25, 50, and 75% 25% (Reda et al., 2022) 

E. fuscoguttatus ♀× 

E. lanceolatus♂ 
FRP 10, 30, and 50 % 10% (He et al., 2021) 

L. rohita 
De-oiled rice 

bran 

0, 20, 30, 40, 50, and 

60% 
40% (Kumar et al., 2018) 

Perca flavescens HP-DDG 25, 50, 75, and 100% 50% 
(Von Eschen et al., 

2022) 

Note: Soybean meal (SBM), Cottonseed meal (CSM), Fermented cottonseed meal (FCM), Corn gluten meal 

(CGM), Corn protein concentrate (CPC), Rapeseed meal (RSM), Canola meal (CM), Processed canola meal 

(PCM), Peanut meal (PM), Guar meal (GM), Sunflower meal (SFM), Fermented rice protein (FRP), High-protein 

distillers dried grains (HP-DDG). 

 

This inedible portion is increasingly being 

recognized as a practical alternative to FM 

sourced from reduction fisheries, which are 

wild-caught fish specifically processed for 

FM production (Olsen et al., 2014). 

Currently, approximately 20% of the global 

FM supply is derived from fishery 

byproducts (FAO, 2018), while around 

10% comes from aquaculture byproducts 

(Jackson and Newton, 2016). The 

continuous growth and intensification of 

the aquaculture industry create 

opportunities to enhance processing 

capabilities, allowing for the capture of 

additional byproducts and increasing their 

utilization in FM production. This shift 

towards utilizing byproducts can yield 

several significant benefits. Firstly, it 

enhances the perceived environmental 

sustainability of the aquaculture sector by 

reducing pressure on natural resources and 

helping to preserve marine ecosystems. 

Secondly, it generates economic and social 

advantages through the valorization of 

waste materials, which can lead to job 

creation in local communities and improve 

livelihoods. Additionally, this approach 

contributes to the long-term sustainability 

of aquaculture by relying on more 

sustainable sources of protein. 

The nutritional composition of fish meal 

is influenced by the types of raw materials 

and the manufacturing processes employed. 

High-quality FM made from whole fish 

typically contains between 66% and 74% 

crude protein, 8% to 11% crude lipids, and 
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less than 12% ash. In contrast, fish meal 

derived from byproducts generally has a 

lower protein content, ranging from 52% to 

67%, with crude lipids between 7% and 

14%, and ash content varying from 12% to 

23%. For instance, white fish meal 

produced from byproducts contains 

approximately 60% to 67% crude protein, 

7% to 11% crude lipids, and 21% to 23% 

ash (Ween et al., 2017). Tuna fish meal 

from byproducts has a protein content of 

57% to 60%, with fat levels between 8% 

and 14%, and ash content ranging from 

12% to 21% (Kim et al., 2014; Hua et al., 

2019). 

These differences in protein and ash 

content in byproduct fish meals are 

expected, as the nutrient profiles differ 

significantly between whole fish, fillets, 

and other body parts such as viscera and 

bones. Consequently, the varying 

proportions of byproducts used in FM 

production contribute to the nutrient 

variability of byproduct-derived fish meals. 

Research has shown that byproduct fish 

meals possess considerable potential as 

alternative raw materials. For example, fish 

meal made from tuna byproducts can 

replace 25% to 30% of the protein from 

high-quality FM without negatively 

impacting the growth performance of 

spotted rose snapper (Lutjanus guttatus) 

when included at levels of 15.8% to 21.4%. 

Similarly, for olive flounder (Paralichthys 

olivaceus), up to 30% of FM can be 

substituted with tuna byproduct meal at a 

dietary inclusion rate of 21% (Kim et al., 

2014). Furthermore, research on Korean 

rockfish (Sebastes schlegeli) indicated that 

75% of FM could be replaced with tuna 

byproduct meal at a dietary inclusion rate of 

58.1%, without compromising growth or 

feed efficiency (Kim et al., 2018). 

Despite the less-than-optimal nutritional 

profile of byproduct fish meals, which 

poses challenges for completely replacing 

high-quality FM, they remain a practical 

and cost-effective alternative. The large-

scale production of fish meal and fish oil 

requires significant capital investment and 

operational costs (Naylor et al., 2009). To 

maintain economic viability, a steady 

supply of raw materials in substantial 

quantities is essential. These factors create 

notable challenges regarding the utilization 

of byproducts (Olsen and Hasan, 2012), 

especially when raw materials must be 

sourced from remote fish-processing 

facilities or when only small quantities are 

produced daily, making the economic 

feasibility questionable. 

 

Technology development 

Recent developments in technology can 

significantly enhance FMFO production, 

while also minimizing its environmental 

impact. Galanakis (2018) propose that 

improving processing and extraction 

methods can increase FMFO yield, 

decrease waste, and reduce the energy 

required for production, leading to lower 

greenhouse gas emissions and a smaller 

carbon footprint. Additionally, research and 

development in this area can address food 

security concerns by providing a sufficient 

supply of omega-3 fatty acids, crucial for 

human health. Sustainable FMFO 

production can also help conserve marine 

biodiversity and support the economic 

livelihoods of fishing communities 

worldwide. Recent studies have explored 

the potential of using microalgae or waste 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              707 

streams from fish processing to optimize 

FMFO production (Gheysen et al., 2018; Al 

Khawli et al., 2019; Rudovica et al., 2021). 

Through investment in these strategies, we 

can improve the sustainability and 

efficiency of FMFO production, benefiting 

human health, marine ecosystems, and 

fishing communities globally, while 

ensuring a reliable source of omega-3 fatty 

acids for the future. 

 

Case studies or examples of successful 

FMFO production optimization programs 

Several successful FMFO production 

optimization programs demonstrate the 

feasibility and importance of optimizing 

FMFO production sustainably and in an 

eco-friendly manner. For example, Calanus 

AS, a Norwegian company, has developed 

a sustainable method for producing FMFO 

from Calanus finmarchicus, a small 

crustacean that is abundant in the North 

Atlantic. This approach has been shown to 

be a more sustainable and environmentally 

friendly alternative to traditional FMFO 

production methods (Pedersen et al., 2014; 

Prado-Cabrero and Nolan, 2021). 

Additionally, the use of waste streams from 

processing farmed fish to produce FMFO 

has been successfully implemented, 

contributing to reducing waste and 

improving the sustainability of FMFO 

production (Olsen et al., 2014; Šimat et al., 

2019). By adopting sustainable approaches 

to FMFO production, we can help mitigate 

the negative environmental and social 

impacts of aquaculture, promote circular 

economy strategies, and support the United 

Nations Sustainable Development Goals 

(Al Khawli et al., 2019; Stentiford et al., 

2020; Rudovica et al., 2021). Sustainable 

FMFO production can reduce the 

environmental impact of aquaculture, 

which is a vital source of protein for 

millions of people worldwide (Tacon and 

Metian, 2013). Moreover, sustainable 

FMFO production can contribute to closing 

the loop in the seafood industry, reducing 

waste and promoting more efficient use of 

resources (Al Khawli et al., 2019; Rudovica 

et al., 2021). In conclusion, successful 

examples of FMFO production 

optimization programs provide compelling 

evidence that it is feasible and essential to 

optimize FMFO production sustainably and 

in an eco-friendly manner. By adopting 

such approaches, we can ensure the 

continued availability of FMFO as a 

significant source of omega-3 fatty acids 

while mitigating the negative 

environmental and social impacts of its 

production. 

 

The role of technology and innovation in 

achieving sustainable FMFO production 

Technology and innovation play a critical 

role in achieving sustainable FMFO 

production. Advanced technologies and 

innovative solutions can significantly 

reduce the negative environmental impacts 

of FMFO production while improving 

efficiency and sustainability. One example 

of technology playing a role in sustainable 

FMFO production is the use of RAS 

systems. These systems use advanced 

filtration and water treatment technologies 

to recycle and reuse water, reducing the 

need for freshwater and minimizing 

wastewater discharge. RAS can also reduce 

the risk of disease outbreaks, improve the 

quality and yield of fish produced, and 

increase production efficiency (Blancheton 
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et al., 2013). Furthermore, RAS can 

provide an opportunity to integrate fish 

production with plant production, creating 

a closed-loop system and reducing waste 

(Graber and Junge, 2009). In addition, 

innovative approaches to feed formulation 

can also contribute to sustainable FMFO 

production. The use of alternative protein 

sources, such as insect meal, microbial 

biomass, or single-cell proteins, can reduce 

the demand for fishmeal as a feed 

ingredient and prevent overfishing (Tacon 

and Metian, 2013). Moreover, the use of 

precision feeding technologies can reduce 

overfeeding and nutrient waste, resulting in 

more efficient use of resources (Kaushik 

and Seiliez, 2010). Furthermore, digital 

technologies such as big data analytics, 

artificial intelligence, and blockchain can 

improve transparency and traceability in 

the FMFO supply chain. These 

technologies can enhance the ability to 

monitor and manage the environmental 

impacts of FMFO production and provide 

consumers with greater assurance that the 

products they purchase are sustainably 

produced. For example, blockchain 

technology can provide a tamper-proof 

record of the origin and production 

conditions of FMFO products, improving 

transparency and accountability in the 

supply chain (Howson, 2020; Liu et al., 

2021; Rahman et al., 2021). Overall, 

technology and innovation play a crucial 

role in achieving sustainable FMFO 

production. Advanced technologies such as 

RAS, alternative protein sources, precision 

feeding technologies, and digital 

technologies can help to reduce negative 

environmental impacts, promote resource 

efficiency, and improve transparency and 

traceability in the FMFO supply chain. By 

adopting such approaches, we can help 

ensure the continued availability of FMFO 

as a significant source of omega-3 fatty 

acids while mitigating the negative 

environmental and social impacts of its 

production. 

 

The importance of stakeholder engagement 

and collaboration in optimizing FMFO 

production 

Stakeholder engagement and collaboration 

are critical in optimizing FMFO production 

sustainably and in an eco-friendly manner. 

Effective stakeholder engagement can 

ensure that diverse perspectives are 

considered and integrated into the decision-

making process, while collaboration among 

stakeholders can help to identify and 

address common challenges and 

opportunities. Stakeholders in FMFO 

production include fish farmers, feed 

manufacturers, FMFO producers, 

researchers, conservation organizations, 

and policymakers. Each of these 

stakeholders has a vital role to play in 

promoting sustainable FMFO production. 

For example, fish farmers can adopt best 

management practices to reduce the 

environmental impacts of aquaculture, 

while feed manufacturers can develop and 

promote alternative protein sources to 

reduce the demand for fishmeal as a feed 

ingredient (Tacon and Metian, 2013). 

FMFO producers can adopt sustainable 

production methods, such as closed-loop 

systems and waste reduction strategies, 

while researchers can provide scientific 

evidence and develop innovative solutions 

to promote sustainability. Collaboration 

among stakeholders can help to identify and 
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address common challenges and 

opportunities in FMFO production. For 

example, partnerships between FMFO 

producers and conservation organizations 

can help to promote sustainable sourcing 

practices and reduce the environmental 

impacts of FMFO production. Moreover, 

collaboration among stakeholders can 

facilitate the sharing of knowledge and 

expertise, leading to more effective 

decision-making and problem-solving 

(FAO, 2018). Effective stakeholder 

engagement and collaboration can also 

promote social and economic sustainability 

in FMFO production. For instance, 

engagement with local communities can 

help to ensure that FMFO production 

benefits local economies and does not have 

negative social impacts (FAO, 2020). 

Moreover, collaboration among 

stakeholders can promote the adoption of 

circular economy strategies, such as the use 

of waste streams from fish processing to 

produce FMFO, creating economic 

opportunities and reducing waste (Olsen et 

al., 2014; Šimat et al., 2019). Another 

example of stakeholder collaboration in 

FMFO production is the Sustainable 

Fisheries Partnership's (SFP) Fishery 

Improvement Projects (FIPs) in Peru. The 

FIPs bring together FMFO producers, 

fishmeal and fish oil buyers, and 

government representatives to improve the 

sustainability of the Peruvian anchovy 

fishery, a crucial source of FMFO. The 

FIPs address issues such as overfishing, 

bycatch, and ecosystem impacts, and 

promote the adoption of more sustainable 

fishing practices. Overall, stakeholder 

engagement and collaboration are critical in 

optimizing FMFO production sustainably 

and in an eco-friendly manner. Effective 

engagement and collaboration among 

diverse stakeholders can help to identify 

and address common challenges and 

opportunities, promote social and economic 

sustainability, and ensure that FMFO 

production is environmentally sustainable 

and economically viable in the long term. 

 

Potential future developments and trends in 

FMFO production and their impact on 

sustainability and conservation efforts 

The future of FMFO production is expected 

to be influenced by various technological, 

market, and consumer trends that could 

have implications for sustainability and 

conservation efforts. These trends include 

the increased use of alternative protein 

sources in fish feed, the adoption of 

precision feeding technologies, changes in 

consumer preferences, and shifts in global 

markets. 

One potential future development is the 

greater adoption of alternative protein 

sources in fish feed. As demand for FMFO 

continues to increase, there is a growing 

need for alternative protein sources to 

reduce the pressure on wild fish stocks. 

Microbial protein, insect meal, and single-

cell protein are among the possible 

alternative protein sources that could 

replace or reduce the use of FMFO in fish 

feed (Tacon and Metian, 2013). By 

lowering the demand for wild fish stocks, 

these alternative protein sources could help 

to reduce the environmental impact of 

FMFO production and contribute to a more 

sustainable and efficient use of resources. 

Another potential future development is the 

adoption of precision feeding technologies. 

Precision feeding involves the use of real-
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time monitoring and control systems to 

adjust feed delivery based on the nutritional 

needs of individual fish. Precision feeding 

can reduce overfeeding and nutrient waste, 

resulting in more efficient use of resources 

and improved environmental sustainability 

(Kaushik and Seiliez, 2010). Moreover, the 

use of new technologies such as blockchain 

could enhance the transparency and 

traceability of the FMFO supply chain, 

improving sustainability and conservation 

efforts. Blockchain technology can provide 

a tamper-proof record of the origin and 

production conditions of FMFO products, 

allowing consumers to make informed 

choices and ensuring that sustainable 

sourcing practices are followed (Howson, 

2020; Liu et al., 2021). Changes in 

consumer preferences and shifts in global 

markets could also impact sustainability 

and conservation efforts in FMFO 

production. For example, the growing 

demand for plant-based and vegetarian 

diets could reduce the demand for FMFO, 

leading to reduced pressure on fish stocks 

and promoting more sustainable practices 

in FMFO production (Tacon and Metian, 

2013). Additionally, shifts in global 

markets could affect the sustainability of 

FMFO production, as changes in demand 

could lead to overfishing or unsustainable 

sourcing practices. Another potential trend 

that could impact FMFO production 

sustainability is the adoption of circular 

economy models. For instance, the use of 

waste streams from fish processing to 

produce FMFO could create economic 

opportunities and reduce waste (Olsen et 

al., 2014; Šimat et al., 2019). Furthermore, 

the development of IMTA systems, where 

fish farming is integrated with the 

cultivation of other species such as seaweed 

or shellfish, could create more sustainable 

and efficient production systems that 

minimize environmental impacts (Neori et 

al., 2004). Overall, the future of FMFO 

production will be shaped by various 

technological, market, and consumer trends 

that could affect sustainability and 

conservation efforts. The adoption of 

alternative protein sources, precision 

feeding technologies, blockchain, circular 

economy models, and IMTA systems could 

all contribute to more sustainable and 

efficient FMFO production. These 

developments could help to ensure the 

continued availability of FMFO as a 

significant source of omega-3 fatty acids 

while mitigating the negative 

environmental and social impacts of its 

production. 

 

Conclusion  

Ensuring sustainable production of FMFO 

is crucial for maintaining food security 

without compromising marine biodiversity. 

To achieve this balance, a comprehensive 

approach that considers all aspects of the 

aquaculture industry is necessary. One 

crucial aspect is the development and 

implementation of alternative protein 

sources, such as insect meal, microbial 

protein, and plant-based proteins, in 

aquafeed to reduce the demand for FMFO 

and mitigate its environmental impact 

(Naylor et al., 2021). Insect meal, for 

instance, has a comparable nutritional 

profile to fishmeal and is already being 

used in aquafeed for some species like 

rainbow trout (van Huis et al., 2013). 

Microbial protein, derived from 

microorganisms like bacteria and yeast, is 
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another promising alternative protein 

source, while plant-based proteins like 

soybean meal and corn gluten meal have 

also been successfully incorporated in 

aquafeed for various species like tilapia and 

common carp (Naylor et al., 2021). 

Another critical aspect is the promotion 

of sustainable aquaculture practices that 

minimize environmental impact, such as 

RAS and IMTA (Chopin et al., 2001). 

Implementing RAS can reduce water usage 

and minimize waste production, while 

IMTA can reduce nutrient discharge and 

promote ecosystem health. Furthermore, 

increasing public awareness of the 

importance of sustainable seafood 

production and consumption is crucial. 

Consumers can drive demand for 

sustainably produced seafood and influence 

industry practices, while governments can 

incentivize the adoption of sustainable 

aquaculture practices and support research 

and development of alternative protein 

sources. In summary, striking a balance 

between sustainable FMFO production, 

food security, and biodiversity 

conservation requires a multi-faceted 

approach that involves developing and 

implementing alternative protein sources, 

promoting sustainable aquaculture 

practices, and increasing public awareness 

of sustainable seafood production and 

consumption. 

Ensuring long-term food security while 

conserving marine biodiversity is 

incompatible with the continued extraction 

of fishmeal and fish oil from wild stocks 

and natural ecosystems. This dependency 

has created an unsustainable structural link 

between aquaculture growth and marine 

ecosystem degradation. To achieve 

sustainable intensification, aquaculture 

must be decoupled from wild fish 

exploitation. This transition requires the 

development and large-scale adoption of 

alternative, sustainable protein sources 

such as insect meal, single-cell proteins, 

microbial proteins, microbial biomass, and 

plant-based proteins. Current research must 

move beyond experimental validation to 

industrial-scale applications that can meet 

the nutritional demands of a rapidly 

expanding aquaculture sector. 

A parallel transformation involves 

integrating the principles of a circular 

economy into aquaculture feed production. 

Policies should aim to maximize the 

upcycling of seafood processing by-

products into high-value feed ingredients, 

creating a closed-loop system that enhances 

the value of existing capture fisheries 

without further depleting marine resources. 

At the production level, applying precision 

aquaculture technologies including RAS, 

BFT, and IMTA, together with improving 

infrastructure and strategic species 

selection, can significantly reduce 

environmental pressure while maintaining 

productivity. 

Filter-feeding bivalves, seaweeds, and 

omnivorous or herbivorous fish species are 

essential within this framework, as they 

rely on zero or minimal external feed inputs 

and contribute to restorative production 

models. At the policy level, instruments 

such as imposing taxes on wild fish catch 

for fishmeal and fish oil production can 

internalize environmental costs and correct 

current market externalities. Strengthening 

transparency across seafood supply chains 

through full traceability and labeling would 

empower consumers to make informed 
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choices and favor species produced with 

reduced dependence on marine-based 

ingredients. Establishing public-private 

partnerships among governments, 

industries, universities, and research 

institutions to co-invest in sustainable 

aquafeed production facilities can further 

mitigate financial risks and accelerate 

technology implementation. 

The path to a sustainable future lies not 

in extending the exploitation of finite wild 

resources but in technological innovation 

beyond them. Strategically replacing 

capture-based raw materials with 

environmentally aligned alternatives can 

build a resilient food system that sustains a 

growing population while enabling marine 

ecosystems to recover and thrive. 

Increasing seafood supply through 

sustainable aquaculture, while 

proportionally decreasing extraction from 

wild aquatic ecosystems, represents a 

practical and essential balance for 

protecting aquatic resources and securing 

intergenerational food equity. 

 

Acknowledgements 

The authors would like to acknowledge the 

financial support provided by the Center for 

International Scientific Studies & 

Collaboration (CISSC), Ministry of 

Science Research and Technology, which 

facilitated the completion of this research. 

This research was funded through the 

CISSC (990169) and the Iranian Fisheries 

Sciences Research Institute (24-80-12-057-

000790). We also appreciate the 

constructive feedback and suggestions from 

our colleagues, which significantly 

improved the quality of this manuscript. 

 

Conflicts of interest 

The authors have declared no conflict of 

interest.  

 

References  

Abakari, G., Wu, X., He, X., Fan, L. and 

Luo, G., 2022. Bacteria in biofloc 

technology aquaculture systems: Roles 

and mediating factors. Reviews in 

Aquaculture, 14(3), 1260–1284. 

DOI:10.1111/raq.12649 

Acar, Ü. and Türker, A., 2018. The effects 

of using peanut meal in rainbow trout 

(Oncorhynchus mykiss) diets on the 

growth performance and some blood 

parameters. Aquaculture Studies, 18(2), 

5–13. DOI:10.4194/2618-6381 

Acar, Ü., Kesbiç, O.S., Yılmaz, S. and 

Karabayır, A., 2018. Growth 

performance, haematological and serum 

biochemical profiles in rainbow trout 

(Oncorhynchus mykiss) fed diets with 

varying levels of lupin (Lupinus albus) 

meal. Aquaculture Research, 49(7), 

2579–2586. DOI:10.1111/are.13724 

Ahmed, H.A., Abusina, G., Elnady, A., 

Abdelrahman, H. and Abedo, A.E., 

2018. Evaluation of substituting black 

seed meal (Nigella sativa L.) as protein 

source in Nile tilapia diets. Bioscience 

Research, 15(2), 1191–1198. DOI: 

2218-1198 

Al Khawli, F., Pateiro, M., Domínguez, 

R., Lorenzo, J.M., Gullón, P., 

Kousoulaki, K., Ferrer, E., Berrada, 

H. and Barba, F.J., 2019. Innovative 

green technologies of intensification for 

valorization of seafood and their by-

products. Marine Drugs, 17(12), 689. 

DOI:10.3390/md17120689 

Aliabad, H.S., Naji, A., Mortezaei, 

S.R.S., Sourinejad, I. and 

Akbarzadeh, A., 2022. Effects of 

restricted feeding levels and stocking 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              713 

densities on water quality, growth 

performance, body composition and 

mucosal innate immunity of Nile tilapia 

(Oreochromis niloticus) fry in a biofloc 

system. Aquaculture, 546, 737320. 

DOI:10.1016/j.aquaculture.2021.73732

0 

Anand, P.S., Kohli, M., Kumar, S., 

Sundaray, J., Roy, S.D., 

Venkateshwarlu, G., Sinha, A. and 

Pailan, G., 2014. Effect of dietary 

supplementation of biofloc on growth 

performance and digestive enzyme 

activities in Penaeus monodon. 

Aquaculture, 418, 108–115. 

DOI:10.1016/j.aquaculture.2013.09.051 

Badillo-Zapata, D., Musin, G.E., Palma-

Cancino, D.J., Guerrero-Galván, S.R., 

Chong-Carrillo, O. and Vega-

Villasante, F., 2021. Total or partial 

replacement of fishmeal with soybean 

meal in the diet of the Pacific fat sleeper 

Dormitator latifrons juveniles. Latin 

American Journal of Aquatic Research, 

49(1), 40–47. DOI:10.3856/vol49-

issue1-fulltext-2564 

Badiola, M., Mendiola, D. and Bostock, 

J., 2012. Recirculating Aquaculture 

Systems (RAS) analysis: Main issues on 

management and future challenges. 

Aquacultural Engineering, 51, 26–35. 

DOI:10.1016/j.aquaeng.2012.07.004 

Bauer, W., Prentice-Hernandez, C., 

Tesser, M.B., Wasielesky Jr, W. and 

Poersch, L.H., 2012. Substitution of 

fishmeal with microbial floc meal and 

soy protein concentrate in diets for the 

Pacific white shrimp Litopenaeus 

vannamei. Aquaculture, 342, 112–116. 

DOI:10.1016/j.aquaculture.2012.02.023  

Belghit, I., Liland, N.S., Gjesdal, P., 

Biancarosa, I., Menchetti, E., Li, Y., 

Waagbø, R., Krogdahl, Å. and Lock, 

E.J., 2019. Black soldier fly larvae meal 

can replace fish meal in diets of sea-

water phase Atlantic salmon (Salmo 

salar). Aquaculture, 503, 609–619. 

DOI:10.1016/j.aquaculture.2018.12.032

.  

Belhabib, D., Koutob, V., Sall, A., Lam, 

V.W. and Pauly, D., 2014. Fisheries 

catch misreporting and its implications: 

The case of Senegal. Fisheries Research, 

151, 1–11. 

DOI:10.1016/j.fishres.2013.12.006 

Berggren, Å., Jansson, A. and Low, M., 

2019. Approaching ecological 

sustainability in the emerging insects-as-

food industry. Trends in Ecology & 

Evolution, 34(2), 132–138. 

DOI:10.1016/j.tree.2018.11.005 

Binalshikh-Abubkr, T. and Mohd 

Hanafiah, M., 2022. Effect of 

supplementation of dried bioflocs 

produced by freeze-drying and oven-

drying methods on water quality, growth 

performance and proximate composition 

of red hybrid tilapia. Journal of Marine 

Science and Engineering, 10(1), 61. 

DOI:10.3390/jmse10010061 

Binalshikh-Abubkr, T., Hanafiah, M.M. 

and Das, S.K., 2021. Proximate 

chemical composition of dried shrimp 

and tilapia waste bioflocs produced by 

two drying methods. Journal of Marine 

Science and Engineering, 9(2), 193. 

DOI:10.3390/jmse9020193 

Blancheton, J., Attramadal, K., 

Michaud, L., d’Orbcastel, E.R. and 

Vadstein, O., 2013. Insight into 

bacterial population in aquaculture 

systems and its implication. 

Aquacultural Engineering, 53, 30–39. 

DOI:10.1016/j.aquaeng.2012.11.009 

Bohnes, F.A. and Laurent, A., 2021. 

Environmental impacts of existing and 

future aquaculture production: 

comparison of technologies and feed 



714 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

options in Singapore. Aquaculture, 532, 

736001. 

DOI:10.1016/j.aquaculture.2020.73600

1 

Bu, X., Lian, X., Zhang, Y., Chen, F., 

Tang, B., Ge, X. and Yang, Y., 2018. 

Effects of replacing fish meal with corn 

gluten meal on growth, feed utilization, 

nitrogen and phosphorus excretion and 

IGF‐I gene expression of juvenile 

Pseudobagrus ussuriensis. Aquaculture 

Research, 49(2), 977–987. 

DOI:10.1111/are.13545 

Caldini, N.N., Capistrano, H.H.d.A., 

Rocha Filho, P.R.N. and Sá, 

M.V.d.C.e., 2018. Partial replacement of 

artificial diets by wet bioflocs biomass 

in Nile tilapia culture tanks. Acta 

Scientiarum. Animal Sciences, 40, 

e42426. 

DOI:10.4025/actascianimsci.v40i1.424

26 

Carvalho, M., Torrecillas, S., Montero, 

D., Sanmartín, A., Fontanillas, R., 

Farías, A., Moutou, K., Velásquez, 

J.H. and Izquierdo, M., 2023. Insect 

and single-cell protein meals as 

replacers of fish meal in low fish meal 

and fish oil diets for gilthead sea bream 

(Sparus aurata) juveniles. Aquaculture, 

566, 739215. 

DOI:10.1016/j.aquaculture.2022.73921

5 

Chaklader, M.R., Howieson, J. and 

Fotedar, R., 2021. Growth, hepatic 

health, mucosal barrier status and 

immunity of juvenile barramundi, Lates 

calcarifer fed poultry by-product meal 

supplemented with full-fat or defatted 

Hermetia illucens larval meal. 

Aquaculture, 543, 737026. 

DOI:10.1016/j.aquaculture.2021.73702

6  

Chopin, T., Buschmann, A.H., Halling, 

C., Troell, M., Kautsky, N., Neori, A., 

Kraemer, G.P., Zertuche‐González, 

J.A., Yarish, C. and Neefus, C., 2001. 

Integrating seaweeds into marine 

aquaculture systems: a key toward 

sustainability. Journal of Phycology, 

37(6), 975–986. DOI:10.1046/j.1529-

8817.2001.01137.x 

Costello, C., Cao, L., Gelcich, S., 

Cisneros, M.A., Free, C.M., Froehlich, 

H.E., Golden, C.D., Ishimura, G., 

Maier, J. and Macadam-Somer, I., 

2023. The future of food from the sea, in: 

The Blue Compendium: From 

Knowledge to Action for a Sustainable 

Ocean Economy. Springer, pp. 1–14. 

Costello, C., Cao, L., Gelcich, S., 

Cisneros-Mata, M.Á., Free, C.M., 

Froehlich, H.E., Golden, C.D., 

Ishimura, G., Maier, J. and 

Macadam-Somer, I., 2020. The future 

of food from the sea. Nature, 588(7836), 

95–100. DOI:10.1038/s41586-020-

2616-y 

Coutinho, F., Castro, C., Guerreiro, I., 

Rangel, F., Couto, A., Serra, C.R., 

Peres, H., Pousão-Ferreira, P., 

Rawski, M. and Oliva-Teles, A., 2021. 

Mealworm larvae meal in diets for 

meagre juveniles: Growth, nutrient 

digestibility and digestive enzymes 

activity. Aquaculture, 535, 736362. 

DOI:10.1016/j.aquaculture.2021.73636

2 

Dantas Jr, E., Valle, B., Brito, C., 

Calazans, N., Peixoto, S. and Soares, 

R., 2016. Partial replacement of 

fishmeal with biofloc meal in the diet of 

postlarvae of the Pacific white shrimp 

Litopenaeus vannamei. Aquaculture 

Nutrition, 22(2), 335–342. 

DOI:10.1111/anu.12249 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              715 

Deng, Y., Borewicz, K., van Loo, J., 

Olabarrieta, M.Z., Kokou, F., 

Sipkema, D. and Verdegem, M.C., 

2021. In-situ biofloc affects the core 

prokaryotes community composition in 

gut and enhances growth of Nile tilapia 

(Oreochromis niloticus). Microbial 

Ecology, 1–14. DOI:10.1007/s00248-

021-01880-y 

Ebrahimnezhadarabi, M., Hosseinifard, 

S.M., Changizi, R., Vatandoust, S. and 

Ghobadi, S., 2022. The effects of 

hydrolyzed canola meal protein on 

growth, body composition and 

expression of growth genes and appetite 

of beluga fish (Huso huso). Applied 

Biology, 35(1), 20–35. 

DOI:10.22092/ijfs.2021.124567 

Ekasari, J., Angela, D., Waluyo, S.H., 

Bachtiar, T., Surawidjaja, E.H., 

Bossier, P. and De Schryver, P., 2014. 

The size of biofloc determines the 

nutritional composition and the nitrogen 

recovery by aquaculture animals. 

Aquaculture, 426, 105–111. 

DOI:10.1016/j.aquaculture.2014.01.023 

El-Son, M.A., Elshopakey, G.E., Rezk, S., 

Eldessouki, E.A. and Elbahnaswy, S., 

2022. Dietary mixed Bacillus strains 

promoted the growth indices, enzymatic 

profile, intestinal immunity, and liver 

and intestinal histomorphology of Nile 

tilapia, Oreochromis niloticus. 

Aquaculture Reports, 27, 101385. 

DOI:10.1016/j.aqrep.2022.101385 

Emerenciano, M.G.C., Khanjani, M.H., 

Sharifinia, M. and Miranda-Baeza, 

A., 2025. Could Biofloc Technology 

(BFT) Pave the Way Toward a More 

Sustainable Aquaculture in Line With 

the Circular Economy?. Aquaculture 

Research, 2025, 

DOI:10.1155/are/1020045 

Fan, K., Liu, H., Pei, Z., Brown, P.B. and 

Huang, Y., 2023. A study of the 

potential effect of dietary fishmeal 

replacement with cricket meal (Gryllus 

bimaculatus) on growth performance, 

blood health, liver antioxidant activities, 

intestinal microbiota and immune-

related gene expression of juvenile 

channel catfish. Animal Feed Science 

and Technology, 295, 115542. 

DOI:10.1016/j.anifeedsci.2022.115542  

FAO., 2018. The State of World Fisheries 

and Aquaculture. Meeting the 

sustainable development goals. Food & 

Agriculture Org.  

FAO., 2020. The State of World Fisheries 

and Aquaculture 2020. Sustainability in 

action. Food and Agriculture 

Organization of the United Nations, 

Rome. 

Froehlich, H.E., Runge, C.A., Gentry, 

R.R., Gaines, S.D. and Halpern, B.S., 

2018. Comparative terrestrial feed and 

land use of an aquaculture-dominant 

world. Proceedings of the National 

Academy of Sciences, 115(20), 5295–

5300. DOI:10.1073/pnas.1801692115 

Gai, F., Cusimano, G.M., Maricchiolo, 

G., Caccamo, L., Caimi, C., Macchi, 

E., Meola, M., Perdichizzi, A., 

Tartarisco, G. and Gasco, L., 2023. 

Defatted Black Soldier Fly Meal in Diet 

for Grow‐Out Gilthead Seabream 

(Sparus aurata L. 1758): Effects on 

Growth Performance, Gill Cortisol 

Level, Digestive Enzyme Activities, and 

Intestinal Histological Structure. 

Aquaculture Research, 2023(1), 

3465335. DOI:10.1155/2023/3465335  

Galanakis, C.M., 2018. Sustainable food 

systems from agriculture to industry: 

Improving production and processing. 

In: Galanakis, C.M. (ed) Academic 

Press, Elsevier, Netherland, 426 P.  



716 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

Galkanda-Arachchige, H.S.C., Wilson, 

A.E. and Davis, D.A., 2020. Success of 

fishmeal replacement through poultry 

by-product meal in aquaculture feed 

formulations: a meta-analysis. Reviews 

in Aquaculture, 12(3), 1624–1636. 

DOI:10.1111/raq.12401 

Gallardo-Collí, A., Pérez-Rostro, C.I., 

Hernández-Vergara, M.P. and Pérez-

Legaspi, I.A., 2019. Microeukaryote 

community and the nutritional 

composition of the biofloc during Nile 

tilapia culture in water-reusing biofloc 

systems. Aquaculture International, 

27(2), 381–398. DOI:10.1007/s10499-

018-0335-2 

Gatlin III, D.M., Barrows, F.T., Brown, 

P., Dabrowski, K., Gaylord, T.G., 

Hardy, R.W., Herman, E., Hu, G., 

Krogdahl, Å. and Nelson, R., 2007. 

Expanding the utilization of sustainable 

plant products in aquafeeds: a review. 

Aquaculture Research, 38(6), 551–579. 

DOI:10.1111/j.1365-2109.2007.01704.x 

Ghamkhar, R. and Hicks, A., 2020. 

Comparative environmental impact 

assessment of aquafeed production: 

Sustainability implications of forage fish 

meal and oil free diets. Resources, 

Conservation and Recycling, 161, 

104849. 

DOI:10.1016/j.resconrec.2020.104849 

Gheysen, L., Matton, V. and Foubert, I., 

2018. Microalgae as a source of omega-

3 polyunsaturated fatty acids. In: 

Zanwar, A.A., Adekar, S.P. and Hegde, 

M.V.  (eds) Omega-3 Fatty Acids. 

Springer Nature, Switzerland. pp 43-52. 

Glencross, B., Arnold, S. and Irvin, S., 

2015. Bioactive factors in microbial 

biomass have the capacity to offset 

reductions in the level of protein in the 

diet of black tiger shrimp, Penaeus 

monodon. Aquaculture, 446, 74–79. 

DOI:10.1016/j.aquaculture.2015.04.007  

Graber, A. and Junge, R., 2009. 

Aquaponic Systems: Nutrient recycling 

from fish wastewater by vegetable 

production. Desalination, 246(1-3), 

147–156. 

DOI:10.1016/j.desal.2008.03.048 

Hall, S.J. and Mainprize, B.M., 2005. 

Managing by‐catch and discards: how 

much progress are we making and how 

can we do better? Fish and Fisheries, 

6(2), 134–155. DOI:10.1111/j.1467-

2979.2005.00183.x 

Halpern, B.S., Walbridge, S., Selkoe, 

K.A., Kappel, C.V., Micheli, F., 

d’Agrosa, C., Bruno, J.F., Casey, K.S., 

Ebert, C. and Fox, H.E., 2008. A global 

map of human impact on marine 

ecosystems. Science, 319(5865), 948–

952. DOI:10.1126/science.1149345 

He, Y., Guo, X., Tan, B., Dong, X., Yang, 

Q., Liu, H., Zhang, S. and Chi, S., 

2021. Replacing fish meal with 

fermented rice protein in diets for hybrid 

groupers (Epinephelus fuscoguttatus♀× 

Epinephelus lanceolatus♂): Effects on 

growth, digestive and absorption 

capacities, inflammatory-related gene 

expression, and intestinal microbiota. 

Aquaculture Reports, 19, 100603. 

DOI:10.1016/j.aqrep.2021.100603 

Henry, M., Gasco, L., Piccolo, G. and 

Fountoulaki, E., 2015. Review on the 

use of insects in the diet of farmed fish: 

past and future. Animal Feed Science 

and Technology, 203, 1–22. 

DOI:10.1016/j.anifeedsci.2015.03.001 

Hersi, M.A., Genc, E., Pipilos, A. and 

Keskin, E., 2023. Effects of dietary 

synbiotics and biofloc meal on the 

growth, tissue histomorphology, whole-

body composition and intestinal 

microbiota profile of Nile tilapia 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              717 

(Oreochromis niloticus) cultured at 

different salinities. Aquaculture, 570, 

739391. 

DOI:10.1016/j.aquaculture.2023.73939

1 

Hilborn, R., Amoroso, R.O., Anderson, 

C.M., Baum, J.K., Branch, T.A., 

Costello, C., De Moor, C.L., Faraj, A., 

Hively, D. and Jensen, O.P., 2020. 

Effective fisheries management 

instrumental in improving fish stock 

status. Proceedings of the National 

Academy of Sciences, 117(4), 2218–

2224. DOI:10.1073/pnas.1909726116 

Hilmarsdóttir, G.S., Ögmundarson, Ó., 

Arason, S. and Gudjónsdóttir, M., 

2022. Identification of environmental 

hotspots in fishmeal and fish oil 

production towards the optimization of 

energy-related processes. Journal of 

Cleaner Production, 343, 130880. 

DOI:10.1016/j.jclepro.2022.130880 

Hossain, S., Koshio, S., Ishikawa, M., 

Yokoyama, S., Sony, N.M., Islam, J., 

Maekawa, M. and Fujieda, T., 2018. 

Substitution of dietary fishmeal by 

soybean meal with inosine 

administration influences growth, 

digestibility, immunity, stress resistance 

and gut morphology of juvenile 

amberjack Seriola dumerili. 

Aquaculture, 488, 174–188. 

DOI:10.1016/j.aquaculture.2018.01.037 

Howson, P., 2020. Building trust and 

equity in marine conservation and 

fisheries supply chain management with 

blockchain. Marine Policy, 115, 103873. 

DOI:10.1016/j.marpol.2020.103873 

Hu, Y., Huang, Y., Tang, T., Zhong, L., 

Chu, W., Dai, Z., Chen, K. and Hu, Y., 

2020. Effect of partial black soldier fly 

(Hermetia illucens L.) larvae meal 

replacement of fish meal in practical 

diets on the growth, digestive enzyme 

and related gene expression for rice field 

eel (Monopterus albus). Aquaculture 

Reports, 17, 100345. 

DOI:10.1016/j.aqrep.2020.100345 

Hua, K., Cobcroft, J.M., Cole, A., 

Condon, K., Jerry, D.R., Mangott, A., 

Praeger, C., Vucko, M.J., Zeng, C. and 

Zenger, K., 2019. The future of aquatic 

protein: implications for protein sources 

in aquaculture diets. One Earth, 1(3), 

316–329. 

DOI:10.1016/j.oneear.2019.10.018  

Hussain, S., Bano, A., Ali, S., Rizwan, M., 

Adrees, M., Zahoor, F., Sarker, P., 

Hussain, M., Arsalan, Z., Yong, J., 

Naeem, A., 2024. Substitution of 

fishmeal: Highlights of potential plant 

protein sources for aquaculture 

sustainability.  Heliyon, 10(4), e26573. 

DOI:10.1016/j.heliyon.2024.e26573 

Hussain, S., Nisar, S., Jamil, M., Bashir, 

F., Arslan, M., Tabassum, S., Ahmad, 

B., Ahsan, S. and Sharif, A., 2021. 

Effects of almond meal (Terminalia 

catappa) based diets on nutrient 

utilization, growth and hematology of 

Labeo rohita fingerlings. JAPS: Journal 

of Animal & Plant Sciences, 31(6). 

DOI:10.36899/JAPS.2021.6.0387 

Ibrahim, A., Abdulkareem, S.R., 

Adetunji, A.Y., Oloyede, T.L. and 

Bem, U.S., 2018. Effects of Dietary 

Moringa oleifera Leaf Meal as a 

Replacement for Soybean Meal on 

Growth, Body Composition and Health 

Status in Cyprinus carpio Juveniles. 

Croatian Journal of Fisheries, 76(4), 

174-482. DOI:10.2478/cjf-2018-0021 

Ido, A., Hashizume, A., Ohta, T., 

Takahashi, T., Miura, C. and Miura, 

T., 2019. Replacement of fish meal by 

defatted yellow mealworm (Tenebrio 

molitor) larvae in diet improves growth 

performance and disease resistance in 



718 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

red seabream (Pargus major). Animals, 

9(3), 100. DOI:10.3390/ani9030100 

Iqbal, M., Yaqub, A. and Ayub, M., 2022. 

Effects of partial and full dietary 

substitution of fish meal and soybean 

meal by sunflower meal on growth 

performance, feed consumption, body 

indices, serum chemistry and intestine 

morphology of Oreochromis niloticus. 

Turkish Journal of Fisheries and 

Aquatic Sciences, 22(10). 

DOI:10.4194/TRJFAS20784 

Islam, S.M., Siddik, M.A., Sørensen, M., 

Brinchmann, M.F., Thompson, K.D., 

Francis, D.S. and Vatsos, I.N., 2024. 

Insect Meal in Aquafeeds: A Sustainable 

Path to Enhanced Mucosal Immunity in 

Fish. Fish & Shellfish Immunology, 

109625. DOI:10.1016/j.fsi.2024.109625 

Jackson, A. and Newton, R., 2016. Project 

to model the use of fisheries by-products 

in the production of marine ingredients 

with special reference to omega-3 fatty 

acids EPA and DHA. A report by IFFO 

and the University of Stirling, 12. 

Jannathulla, R., Rajaram, V., Kalanjiam, 

R., Ambasankar, K., Muralidhar, M. 

and Dayal, J.S., 2019. Fishmeal 

availability in the scenarios of climate 

change: Inevitability of fishmeal 

replacement in aquafeeds and 

approaches for the utilization of plant 

protein sources. Aquaculture Research, 

50(12), 3493–3506. 

DOI:10.1111/are.14324 

Jiménez-Monreal, A.M., Guardiola, F.A., 

Esteban, M.Á., Murcia Tomás, M.A. 

and Martínez-Tomé, M., 2021. 

Antioxidant activity in gilthead 

seabream (Sparus aurata l.) fed with diet 

supplemented with moringa. 

Antioxidants, 10(9), 1423. 

DOI:10.3390/antiox10091423 

Józefiak, A., Nogales-Mérida, S., Rawski, 

M., Kierończyk, B. and 

Mazurkiewicz, J., 2019. Effects of 

insect diets on the gastrointestinal tract 

health and growth performance of 

Siberian sturgeon (Acipenser baerii 

Brandt, 1869). BMC Veterinary 

Research, 15, 1–11. 

DOI:10.1186/s12917-019-2070-y 

Ju, Z.Y., Forster, I., Conquest, L., 

Dominy, W., Kuo, W.C. and David 

Horgen, F., 2008. Determination of 

microbial community structures of 

shrimp floc cultures by biomarkers and 

analysis of floc amino acid profiles. 

Aquaculture research, 39(2), 118–133. 

DOI:10.1111/j.1365-

2109.2007.01856.x. 

Kaushik, S.J. and Seiliez, I., 2010. Protein 

and amino acid nutrition and metabolism 

in fish: current knowledge and future 

needs. Aquaculture research, 41(3), 

322–332. DOI:10.1111/j.1365-

2109.2009.02174.x 

Khanjani, M.H. and Alizadeh, M., 2024. 

Effects of different salinity levels on 

performance of Nile tilapia fingerlings 

in a biofloc culture system. Annals of 

Animal Science, 24(1), 235-245. DOI: 

10.2478/aoas-2023-0077 

Khanjani, M.H. and Sharifinia, M., 2020. 

Biofloc technology as a promising tool 

to improve aquaculture production. 

Reviews in aquaculture, 12(3), 1836–

1850. DOI:10.1111/raq.12412 

Khanjani, M.H. and Sharifinia, M., 2022. 

Biofloc as a food source for banana 

shrimp Fenneropenaeus merguiensis 

postlarvae. North American Journal of 

Aquaculture, 84(4), 469–479. 

DOI:10.1002/naaq.10261 

Khanjani, M.H. and Sharifinia, M., 2024. 

Feeding Nile tilapia with varying levels 

of biofloc: effect on growth 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              719 

performance, survival rate, digestive and 

liver enzyme activities, and mucus 

immunity. Aquaculture International, 

32, 8171–8194. DOI: 10.1007/s10499-

024-01561-w 

Khanjani, M.H., 2026. Evaluating the 

performance of Pacific white shrimp 

(Penaeus vannamei Boone, 1931) reared 

under different stocking densities: a 

study of their biochemical, immune, 

metabolic and antioxidant responses in a 

biofloc aquaculture system. Annals of 

Animal Science, 26(3), 813-823. DOI: 

10.2478/aoas-2025-0087 

Khanjani, M.H., Alizadeh, M. and 

Sharifinia, M., 2020. Rearing of the 

Pacific white shrimp, Litopenaeus 

vannamei in a biofloc system: The 

effects of different food sources and 

salinity levels. Aquaculture nutrition, 

26(2), 328–337. 

DOI:10.1111/anu.12994 

Khanjani, M.H., Eslami, J., and 

Emerenciano, M.G.C., 2025a. Wheat 

flour as carbon source on water quality, 

growth performance, hemolymph 

biochemical and immune parameters of 

Pacific white shrimp (Penaeus 

vannamei) juveniles in biofloc 

technology (BFT), Aquaculture Reports, 

40 102623. DOI: 

10.1016/j.aqrep.2025.102623 

Khanjani, M.H., Mozanzadeh, M.T., 

Sharifinia, M. and Emerenciano, 

M.G.C., 2023. Biofloc: A sustainable 

dietary supplement, nutritional value 

and functional properties. Aquaculture, 

562. 

DOI:10.1016/j.aquaculture.2022.73875

7 

Khanjani, M.H., Mozanzadeh, M.T., 

Sharifinia, M. and Emerenciano, 

M.G.C., 2024a. Broodstock and seed 

production in biofloc technology (BFT): 

an updated review focused on fish and 

penaeid shrimp. Aquaculture, 579, 

740278. 

DOI:10.1016/j.aquaculture.2023.74027

8  

Khanjani, M.H., Sharifinia, M. and 

Emerenciano, M.G.C., 2024b. 

Probiotics and phytobiotics as dietary 

and water supplements in biofloc 

aquaculture systems. Aquaculture 

Nutrition, 2024. 

DOI:10.1155/anu/3089887 

Khanjani, M.H., Zahedi, S., Sharifinia, 

M., Hajirezaee, S., Singh, S.K., 2025b. 

Biological removal of nitrogenous waste 

compounds in the biofloc aquaculture 

system: a review. Annals of Animal 

Science, 25(1), 3-21. 

DOI: 10.2478/aoas-2024-0060 

Khatoon, H., Banerjee, S., Yuan, G.T.G., 

Haris, N., Ikhwanuddin, M., Ambak, 

M.A. and Endut, A., 2016. Biofloc as a 

potential natural feed for shrimp 

postlarvae. International 

Biodeterioration & Biodegradation, 

113, 304–309. 

DOI:10.1016/j.ibiod.2016.04.006 

Kim, H.S., Jung, W.G., Myung, S.H., 

Cho, S.H. and Kim, D.S., 2014. 

Substitution effects of fishmeal with 

tuna byproduct meal in the diet on 

growth, body composition, plasma 

chemistry and amino acid profiles of 

juvenile olive flounder (Paralichthys 

olivaceus). Aquaculture, 431, 92–98. 

DOI:10.1016/j.aquaculture.2014.03.025 

Kim, K.D., Jang, J.W., Kim, K.W., Lee, 

B.J., Hur, S.W. and Han, H.S., 2018. 

Tuna by-product meal as a dietary 

protein source replacing fishmeal in 

juvenile Korean rockfish Sebastes 

schlegeli. Fisheries and Aquatic 

Sciences, 21, 1–8. DOI:10.1186/s41240-

018-0107-y 



720 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

Kuhn, D.D., Boardman, G.D., Lawrence, 

A.L., Marsh, L. and Flick Jr, G.J., 

2009. Microbial floc meal as a 

replacement ingredient for fish meal and 

soybean protein in shrimp feed. 

Aquaculture, 296(1-2), 51–57. 

DOI:10.1016/j.aquaculture.2009.07.025  

Kumar, S., Sahu, N., Shamna, N. and 

Ranjan, A., 2018. Feeding higher level 

of de-oiled rice bran causes stress to 

Labeo rohita fingerlings. Aquaculture, 

484, 184–190. 

DOI:10.1016/j.aquaculture.2017.11.029 

Labh, S.N., 2020. Expression of immune 

genes and stress enzyme profiles of 

rainbow trout (Oncorhynchus mykiss) 

fed Moringa oleifera leaf meal (MLM). 

International Journal of Biological 

Innovations, 2(2), 155-164. 

DOI:10.46505/IJBI.2020.2212 

Lee, C., Kim, S., Lim, S.J. and Lee, K.J., 

2017. Supplemental effects of biofloc 

powder on growth performance, innate 

immunity, and disease resistance of 

Pacific white shrimp Litopenaeus 

vannamei. Fisheries and Aquatic 

Sciences, 20, 1–7. DOI:10.1186/s41240-

017-0059-7 

Li, S., Ji, H., Zhang, B., Zhou, J. and Yu, 

H., 2017. Defatted black soldier fly 

(Hermetia illucens) larvae meal in diets 

for juvenile Jian carp (Cyprinus carpio 

var. Jian): Growth performance, 

antioxidant enzyme activities, digestive 

enzyme activities, intestine and 

hepatopancreas histological structure. 

Aquaculture, 477, 62–70. 

DOI:10.1016/j.aquaculture.2017.04.015 

Li, X., Qin, C., Fang, Z., Sun, X., Shi, H., 

Wang, Q. and Zhao, H., 2022. 

Replacing dietary fish meal with 

defatted black soldier fly (Hermetia 

illucens) larvae meal affected growth, 

digestive physiology and muscle quality 

of tongue sole (Cynoglossus semilaevis). 

Frontiers in Physiology, 13, 855957. 

DOI:10.3389/fphys.2022.855957 

Liu, J., Zhang, H. and Zhen, L., 2021. 

Blockchain technology in maritime 

supply chains: applications, architecture 

and challenges. International Journal of 

Production Research, 1–17. 

DOI:10.1080/00207543.2021.1930239.  

Liu, T., Han, T., Wang, J., Liu, T., Bian, 

P., Wang, Y. and Cai, X., 2021. Effects 

of replacing fish meal with soybean meal 

on growth performance, feed utilization 

and physiological status of juvenile 

redlip mullet Liza haematocheila. 

Aquaculture Reports, 20, 100756. 

DOI:10.1016/j.aqrep.2021.100756 

Masood, D., Khan, N., Iqbal, K.J., Dogar, 

S., Hanan, A., Nazir, S., Bano, S., 

Anwar, A., Martin, S.A., Secombes, 

C.J., 2020. Effect of substituting 

soybean meal with Moringa oleifera 

meal on the growth and body 

composition of Labeo rohita fingerlings. 

Pakistan Journal of Zoology, 52(5), 

1745-1750. 

DOI:10.17582/journal.pjz/2019082509

0821 

Mbokane, E.M. and Moyo, N.A., 2018. 

Alterations of haemato-biochemical 

parameters pre and post-challenge with 

Aeromonas hydrophila and survival of 

Oreochromis mossambicus fed Moringa 

oleifera-based diets. Fish & shellfish 

immunology, 83, 213–222. 

DOI:10.1016/j.fsi.2018.09.017 

Melenchón, F., de Mercado, E., Pula, 

H.J., Cardenete, G., Barroso, F.G., 

Fabrikov, D., Lourenço, H.M., Pessoa, 

M.-F., Lagos, L., Weththasinghe, P., 

2022. Fishmeal dietary replacement up 

to 50%: A comparative study of two 

insect meals for rainbow trout 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              721 

(Oncorhynchus mykiss). Animals, 12(2), 

179. DOI:10.3390/ani12020179 

Melenchón, F., Larrán, A.M., 

Hernández, M., Abad, D., Morales, 

A.E., Pula, H.J., Fabrikov, D., 

Sánchez-Muros, M.J., Galafat, A., 

Alarcón, F.J., 2023. Different Diets 

Based on Yellow Mealworm (Tenebrio 

molitor)-Part B: Modification of the 

Intestinal Inflammatory Response and 

the Microbiota Composition of Rainbow 

Trout (Oncorhynchus mykiss). Fishes, 

8(6), 284. DOI:10.3390/fishes8060284 

Mi, J., Lu, R., Yan, X., Song, D., Yang, L., 

Qin, C., Yang, G., Zhang, H., Lin, M. 

and Nie, G., 2022. Evaluating the 

mixture of earthworm meal and 

wormcast as a protein source for 

common carp (Cyprinus carpio L.) 

based on growth performance, 

antioxidant, immune capacity, lipid 

metabolism and intestinal health. 

Aquaculture Reports, 24, 101118. 

DOI:10.1016/j.aqrep.2022.101118 

Mohammadi, M., Imani, A., Farhangi, 

M., Gharaei, A. and Hafezieh, M., 

2020. Replacement of fishmeal with 

processed canola meal in diets for 

juvenile Nile tilapia (Oreochromis 

niloticus): Growth performance, 

mucosal innate immunity, hepatic 

oxidative status, liver and intestine 

histology. Aquaculture, 518, 734824. 

DOI:10.1016/j.aquaculture.2019.73482

4 

Moutinho, S., Pedrosa, R., Magalhães, 

R., Oliva-Teles, A., Parisi, G. and 

Peres, H., 2021. Black soldier fly 

(Hermetia illucens) pre-pupae larvae 

meal in diets for European seabass 

(Dicentrarchus labrax) juveniles: 

Effects on liver oxidative status and fillet 

quality traits during shelf-life. 

Aquaculture, 533, 736080. 

DOI:10.1016/j.aquaculture.2020.73608

0  

Muslimin, B., Yonarta, D., Heriyati, E., 

Helmizuryani, H., Sari, M.P., 

Apriyanti, D. and Kuraniawan, R., 

2023. Impact of black soldier fly 

(Hermetia illucens) fresh meal on the 

growth performance, digestive enzymes, 

hematology, and intestinal histology of 

cork fish (Channa striata). Turkish 

Journal of Veterinary & Animal 

Sciences, 47(4), 324–333. 

DOI:10.55730/1300-0128.4301 

Naylor, R.L., Goldburg, R.J., Primavera, 

J.H., Kautsky, N., Beveridge, M., 

Clay, J., Folke, C., Lubchenco, J., 

Mooney, H. and Troell, M., 2000. 

Effect of aquaculture on world fish 

supplies. Nature, 405(6790), 1017–

1024. DOI:10.1038/35016500 

Naylor, R.L., Hardy, R.W., Bureau, D.P., 

Chiu, A., Elliott, M., Farrell, A.P., 

Forster, I., Gatlin, D.M., Goldburg, 

R.J. and Hua, K., 2009. Feeding 

aquaculture in an era of finite resources. 

Proceedings of the National Academy of 

Sciences, 106(36), 15103–15110. 

DOI:10.1073/pnas.090523510.  

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. and Troell, M., 2021. A 

20-year retrospective review of global 

aquaculture. Nature, 591(7851), 551–

563. DOI:10.1038/s41586-021-03308-6 

Neori, A., Chopin, T., Troell, M., 

Buschmann, A.H., Kraemer, G.P., 

Halling, C., Shpigel, M. and Yarish, 

C., 2004. Integrated aquaculture: 

rationale, evolution and state of the art 

emphasizing seaweed biofiltration in 

modern mariculture. Aquaculture, 

231(1-4), 361–391. 

DOI:10.1016/j.aquaculture.2003.11.015 



722 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

Nethaji, M., Ahilan, B., 

Kathirvelpandiyan, A., Felix, N., 

Uma, A., Mosses, T.S. and Lingam, 

R.S.S., 2022. Biofloc meal incorporated 

diet improves the growth and 

physiological responses of Penaeus 

vannamei. Aquaculture International, 

30(5), 2705–2724. 

DOI:10.1007/s10499-022-00929-0.  

Olsen, R.L. and Hasan, M.R., 2012. A 

limited supply of fishmeal: Impact on 

future increases in global aquaculture 

production. Trends in Food Science & 

Technology, 27(2), 120–128. 

DOI:10.1016/j.tifs.2012.06.003  

Olsen, R.L., Toppe, J. and Karunasagar, 

I., 2014. Challenges and realistic 

opportunities in the use of by-products 

from processing of fish and shellfish. 

Trends in Food Science & Technology, 

36(2), 144–151. 

DOI:10.1016/j.tifs.2014.01.007 

Pauly, D., Christensen, V., Guénette, S., 

Pitcher, T.J., Sumaila, U.R., Walters, 

C.J. and Zeller, D., 2002. Towards 

sustainability in world fisheries. Nature, 

418(6898), 689–695. 

DOI:10.1038/nature01017 

Pedersen, A.M., Vang, B. and Olsen, 

R.L., 2014. Oil from Calanus 

finmarchicus-composition and possible 

use: a review. Journal of Aquatic Food 

Product Technology, 23(6), 633–646. 

DOI:10.1080/10498850.2012.741662 

Peng, K., Mo, W., Xiao, H., Wang, G. and 

Huang, Y., 2021. Effects of black 

soldier fly pulp on growth performance, 

histomorphology and lipid metabolism 

gene expression of Micropterus 

salmoides. Aquaculture Reports, 20, 

100737. 

DOI:10.1016/j.aqrep.2021.100737 

Pérez Rostro, C.I., Gallardo Collí, A. and 

Hernández Vergara, M.P., 2024. 

Partial substitution of fish meal by 

biofloc meal in diets for Nile tilapia 

Oreochromis niloticus. Latin American 

Journal of Aquatic Research, 52(2), 

289–297. DOI:10.3856/vol52-issue2-

fulltext-3142  

Prabu, E., Rajagopalsamy, C., Ahilan, 

B., Jeevagan, J.M.A. and Renuhadevi, 

M., 2018. Effect of dietary 

supplementation of biofloc meal on 

growth and survival of GIFT tilapia. 

Indian Journal of Fisheries, 65(1), 65–

70. DOI:10.21077/ijf.2018.65.1.72074-

11 

Prado-Cabrero, A. and Nolan, J.M., 

2021. Omega-3 nutraceuticals, climate 

change and threats to the environment: 

The cases of Antarctic krill and Calanus 

finmarchicus. Ambio, 50(6), 1184–1199. 

DOI:10.1007/s13280-020-01472-z 

Priyadarshini, N., Kaippilly, D., 

Pradhan, C. and Saroglia, M., 2020. 

Effect of guar sprout meal on growth, 

nutrient utilization and hematological 

characteristics of genetically improved 

farmed tilapia (Gift) fingerlings. 

International Journal of Current 

Microbiology and Applied Sciences, 

9(7), 3587–3599. 

DOI:10.20546/ijcmas.2020.907.419 

Promthale, P., Pongtippatee, P., 

Withyachumnarnkul, B. and 

Wongprasert, K., 2019. Bioflocs 

substituted fishmeal feed stimulates 

immune response and protects shrimp 

from Vibrio parahaemolyticus infection. 

Fish & shellfish immunology, 93, 1067–

1075. DOI:10.1016/j.fsi.2019.07.084 

Puycha, K., Yuangsoi, B., 

Charoenwattanasak, S., 

Wongmaneeprateep, S., 

Niamphithak, P. and 

Wiriyapattanasub, P., 2017. Effect of 

moringa (Moringa oleifera) leaf 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              723 

supplementation on growth performance 

and feed utilization of Bocourti’s catfish 

(Pangasius bocourti). Agriculture and 

Natural Resources, 51(4), 286–291. 

DOI:10.1016/j.anres.2017.10.001 

Qin, Y., He, C., Geng, H., Wang, W., 

Yang, P., Mai, K. and Song, F., 2022. 

Muscle nutritive metabolism changes 

after dietary fishmeal replaced by 

cottonseed meal in golden pompano 

(Trachinotus ovatus). Metabolites, 

12(7), 576. 

DOI:10.3390/metabo12070576 

Rahman, L.F., Alam, L., Marufuzzaman, 

M. and Sumaila, U.R., 2021. 

Traceability of sustainability and safety 

in fishery supply chain management 

systems using radio frequency 

identification technology. Foods, 

10(10), 2265. 

DOI:10.3390/foods10102265 

Rahmdel, K.J., Noveirian, H.A., 

Falahatkar, B. and Lashkan, A.B., 

2018. Effects of replacing fish meal with 

sunflower meal on growth performance, 

body composition, hematological and 

biochemical indices of common carp 

(Cyprinus carpio) fingerlings. Fisheries 

& Aquatic Life, 26(2), 121–129. 

DOI:10.2478/aopf-2018-0013 

Ramos, F.M., Abe, H.A., Couto, 

M.V.S.D., Paixão, P.E.G., Martins, 

M.L., Carneiro, P.C.F., Maria, A.N. 

and Fujimoto, R.Y., 2020. Terminalia 

catappa improves growth performance 

and survival of the Amazon leaf fish 

(Monocirrhus polyacanthus) larvae 

submitted to handling stress. 

Aquaculture Research, 51(11), 4805–

4808. DOI:10.1111/are.14783 

Rani, P., Thakur, J. and Upadhyay, A., 

2017. Partial replacement of protein 

using microfloc meal for the diet of 

mrigal, Cirrhinus mrigal fingerlings. 

International Journal of Current 

Microbiology and Applied Sciences, 

6(10), 1524–1529. 

DOI:10.20546/ijcmas.2017.610.182.  

Reda, R.M., Maricchiolo, G., Quero, 

G.M., Basili, M., Aarestrup, F.M., 

Pansera, L., Mirto, S., Abd El-Fattah, 

A.H., Alagawany, M. and Rahman, 

A.N.A., 2022. Rice protein concentrates 

as a fish meal substitute in Oreochromis 

niloticus: Effects on immune response, 

intestinal cytokines, Aeromonas veronii 

resistance, and gut microbiota 

composition. Fish & Shellfish 

Immunology, 126, 237–250. 

DOI:10.1016/j.fsi.2022.05.048 

Rema, P., Saravanan, S., Armenjon, B., 

Motte, C. and Dias, J., 2019. Graded 

incorporation of defatted yellow 

mealworm (Tenebrio molitor) in 

rainbow trout (Oncorhynchus mykiss) 

diet improves growth performance and 

nutrient retention. Animals, 9(4), 187. 

DOI:10.3390/ani9040187 

Rudovica, V., Rotter, A., Gaudêncio, S.P., 

Novoveská, L., Akgül, F., Akslen-Hoel, 

L.K., Alexandrino, D.A., Anne, O., 

Arbidans, L. and Atanassova, M., 

2021. Valorization of marine waste: use 

of industrial by-products and beach 

wrack towards the production of high 

added-value products. Frontiers in 

Marine Science, 8, 723333. 

DOI:10.3389/fmars.2021.723333 

Rust, M.B., 2003. Nutritional physiology. 

In: Hardy, R.W. and Kaushik, S.J. (eds) 

Fish nutrition. Elsevier, Netherland. pp. 

367–452. 

Saavedra, M., Barata, M., Matias, A.C., 

Couto, A., Salem, A., Ribeiro, L., 

Pereira, T.G., Gamboa, M., Lourenço-

Marques, C. and Soares, F., 2023. 

Effect of dietary incorporation of yellow 

mealworm as a partial fishmeal replacer 



724 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

on growth, metabolism, and intestinal 

histomorphology in juvenile meagre 

(Argyrosomus regius). Aquaculture 

Nutrition, 1, 6572421. 

DOI:10.1155/2023/6572421 

Sarker, P.K., 2023. Microorganisms in 

Fish Feeds, Technological Innovations, 

and Key Strategies for Sustainable 

Aquaculture. Microorganisms, 11(2), 

439. 

DOI:10.3390/microorganisms11020439 

SD El‐Saidy, D.M., Gaber, M.M. and 

Abd‐Elshafy, A.S., 2005. Evaluation of 

Cluster Bean Meal Cyamposis 

fefrugonoloba as a Dietary Protein 

Source for Common Carp Cyprinus 

carpio L. Journal of the World 

Aquaculture Society, 36(3), 311–319. 

DOI:10.1111/j.1749-

7345.2005.tb00335.x 

Shahzad, M.M., Rashid, H., Hussain, 

S.M., Bashir, S., Khalid, F. and Nisar, 

A., 2022. Improvement in body 

composition and blood parameters of 

Catla catla fingerlings by 

supplementing rapeseed meal-based diet 

with probiotics. Pakistan Journal of 

Zoology, 1–9. 

DOI:10.17582/journal.pjz/20211011061

010 

Shao, J., Liu, M., Wang, B., Jiang, K., 

Wang, M. and Wang, L., 2017. 

Evaluation of biofloc meal as an 

ingredient in diets for white shrimp 

Litopenaeus vannamei under practical 

conditions: Effect on growth 

performance, digestive enzymes and 

TOR signaling pathway. Aquaculture, 

479, 516–521. 

DOI:10.1016/j.aquaculture.2017.06.034  

Sharifinia, M., 2024. Improve aquaculture 

with insect meal. Science, 383(6685), 

838–838. DOI:10.1126/science.ado0380 

Sharifinia, M., Bahmanbeigloo, Z.A., 

Keshavarzifard, M., Khanjani, M.H., 

Daliri, M., Koochaknejad, E. and 

Jasour, M.S., 2023a. The effects of 

replacing fishmeal by mealworm 

(Tenebrio molitor) on digestive enzymes 

activity and hepatopancreatic 

biochemical indices of Litopenaeus 

vannamei. Annals of Animal Science, 

23(2). DOI:10.2478/aoas-2022-0098. 

Sharifinia, M., Bahmanbeigloo, Z.A., 

Keshavarzifard, M., Khanjani, M.H., 

Daliri, M., Koochaknejad, E. and 

Jasour, M.S., 2023b. Fishmeal 

replacement by mealworm (Tenebrio 

molitor) in diet of farmed Pacific white 

shrimp (Litopenaeus vannamei): effects 

on growth performance, serum 

biochemistry, and immune response. 

Aquatic Living Resources, 36. 

DOI:10.1051/alr/2023013 

Sharifinia, M., Dashtiannasab, A., 

Keshavarzifard, M. and Pazir, M., 

2025a. Optimizing shrimp growth and 

yield production: A comparative study of 

Pacific white shrimp farms along the 

Persian Gulf coastline. Iranian Journal 

of Fisheries Sciences, 24(3), 619–631. 

DOI:10.22092/IJFS.2025.133790 

Sharifinia, M., Dashtiannasab, A., 

Mobaraki, S. and Pazir, M., 2025b. 

Effects of dietary inclusion of 

mealworm (Tenebrio molitor) on the 

fatty acid compositions of Pacific white 

shrimp (Litopenaeus vannamei). Iranian 

Journal of Fisheries Sciences, 24(4), 

983–999. 

DOI:10.22092/ijfs.2025.134038 

Šimat, V., Vlahović, J., Soldo, B., Skroza, 

D., Ljubenkov, I. and Generalić 

Mekinić, I., 2019. Production and 

refinement of omega-3 rich oils from 

processing by-products of farmed fish 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              725 

species. Foods, 8(4), 125. 

DOI:10.3390/foods8040125 

Stentiford, G., Bateman, I., Hinchliffe, 

S., Bass, D., Hartnell, R., Santos, E., 

Devlin, M., Feist, S., Taylor, N. and 

Verner-Jeffreys, D., 2020. Sustainable 

aquaculture through the One Health 

lens. Nature Food, 1(8), 468–474. 

DOI:10.1038/s43016-020-0127-5  

Stevens, J.R., Newton, R.W., Tlusty, M. 

and Little, D.C., 2018. The rise of 

aquaculture by-products: Increasing 

food production, value, and 

sustainability through strategic 

utilization. Marine Policy, 90, 115–124. 

DOI:10.1016/j.marpol.2017.12.027 

Sun, H., Tang, J.-w., Yao, X.-h., Wu, Y.-f., 

Wang, X., Liu, Y. and Lou, B., 2015. 

Partial substitution of fish meal with 

fermented cottonseed meal in juvenile 

black sea bream (Acanthopagrus 

schlegelii) diets. Aquaculture, 446, 30–

36. 

DOI:10.1016/j.aquaculture.2015.04.020 

Taati, R., Pajand, Z. and Mostafavi, H., 

2022. Replacement of fish meal with 

corn protein concentrate and its effect on 

growth, survival, and body composition 

of Siberian sturgeon (Acipenser baerii). 

Journal of Veterinary Research, 77(1), 

11-18. 

DOI:10.22059/jvr.2021.317813.3130 

Tabassum, S., Hussain, S., Ali, S., 

Arsalan, M., Ahmad, B., Asrar, M. 

and Sharif, A., 2021. Partial 

replacement of fish meal with Moringa 

oleifera leaf meal in practical diets of 

Cirrhinus mrigala fingerlings. Brazilian 

Journal of Biology, 83, e246333. 

DOI:10.1590/1519-6984.246333 

Tacon, A.G. and Metian, M., 2008. Global 

overview on the use of fish meal and fish 

oil in industrially compounded 

aquafeeds: Trends and future prospects. 

Aquaculture, 285(1-4), 146–158. 

DOI:10.1016/j.aquaculture.2008.08.015  

Tacon, A.G. and Metian, M., 2009. 

Fishing for aquaculture: non-food use of 

small pelagic forage fish-a global 

perspective. Reviews in Fisheries 

Science, 17(3), 305–317. 

DOI:10.1080/10641260802677074 

Tacon, A.G. and Metian, M., 2013. Fish 

matters: importance of aquatic foods in 

human nutrition and global food supply. 

Reviews in Fisheries Science, 21(1), 22–

38. 

DOI:10.1080/10641262.2012.753405.  

Terova, G., Gini, E., Gasco, L., Moroni, 

F., Antonini, M. and Rimoldi, S., 2021. 

Effects of full replacement of dietary 

fishmeal with insect meal from Tenebrio 

molitor on rainbow trout gut and skin 

microbiota. Journal of Animal Science 

and Biotechnology, 12, 1–14. 

DOI:10.1186/s40104-021-00551-9  

Tippayadara, N., Dawood, M.A., 

Krutmuang, P., Hoseinifar, S.H., 

Doan, H.V. and Paolucci, M., 2021. 

Replacement of fish meal by black 

soldier fly (Hermetia illucens) larvae 

meal: effects on growth, haematology, 

and skin mucus immunity of Nile tilapia, 

Oreochromis niloticus. Animals, 11(1), 

193. DOI:10.3390/ani11010193 

Tran, G., Heuzé, V. and Makkar, H.P., 

2015. Insects in fish diets. Animal 

frontiers, 5(2), 37–44. 

DOI:10.2527/af.2015-0018 

Troell, M., Naylor, R.L., Metian, M., 

Beveridge, M., Tyedmers, P.H., Folke, 

C., Arrow, K.J., Barrett, S., Crépin, 

A.-S. and Ehrlich, P.R., 2014. Does 

aquaculture add resilience to the global 

food system? Proceedings of the 

National Academy of Sciences, 111(37), 

13257–13263. 

DOI:10.1073/pnas.1404067111 



726 Sharifinia et al., Sustainability of fishmeal and fish oil production: Balancing aquaculture demand with ... 

Uawisetwathana, U., Situmorang, M.L., 

Arayamethakorn, S., Haniswita, 

Suantika, G., Panya, A., 

Karoonuthaisiri, N. and 

Rungrassamee, W., 2021. 

Supplementation of ex-situ biofloc to 

improve growth performance and 

enhance nutritional values of the Pacific 

white shrimp rearing at low salinity 

conditions. Applied Sciences, 11(10), 

4598. DOI:10.3390/app11104598  

van Huis, A., van Itterbeeck, J., Klunder, 

H., Mertens, E., Halloran, A., Muir, G. 

and Vantomme, P., 2013. Edible 

insects: future prospects for food and 

feed security. Food and Agriculture 

Organization of the United Nations, 

Italy.  

Von Eschen, A.J., Brown, M.L. and 

Rosentrater, K., 2022. Effect of 

increasing dietary high protein distillers 

dried grains on yellow perch Perca 

flavescens performance. Journal of 

Applied Aquaculture, 34(3), 702–714. 

DOI:10.1080/10454438.2021.1885558 

Wang, G., Peng, K., Hu, J., Yi, C., Chen, 

X., Wu, H. and Huang, Y., 2019. 

Evaluation of defatted black soldier fly 

(Hermetia illucens L.) larvae meal as an 

alternative protein ingredient for 

juvenile Japanese seabass (Lateolabrax 

japonicus) diets. Aquaculture, 507, 144–

154. 

DOI:10.1016/j.aquaculture.2019.04.023  

Ween, O., Stangeland, J.K., Fylling, T.S. 

and Aas, G.H., 2017. Nutritional and 

functional properties of fishmeal 

produced from fresh by-products of cod 

(Gadus morhua L.) and saithe 

(Pollachius virens). Heliyon, 3(7). 

DOI:10.1016/j.heliyon.2017.e00343 

Weththasinghe, P., Lagos, L., Cortés, M., 

Hansen, J.Ø. and Øverland, M., 2021. 

Dietary inclusion of black soldier fly 

(Hermetia illucens) larvae meal and 

paste improved gut health but had minor 

effects on skin mucus proteome and 

immune response in Atlantic salmon 

(Salmo salar). Frontiers in immunology, 

12, 599530. 

DOI:10.3389/fimmu.2021.599530 

Worm, B., Barbier, E.B., Beaumont, N., 

Duffy, J.E., Folke, C., Halpern, B.S., 

Jackson, J.B., Lotze, H.K., Micheli, F. 

and Palumbi, S.R., 2006. Impacts of 

biodiversity loss on ocean ecosystem 

services. Science, 314(5800), 787–790. 

DOI:10.1126/science.1132294 

Worm, B., Hilborn, R., Baum, J.K., 

Branch, T.A., Collie, J.S., Costello, C., 

Fogarty, M.J., Fulton, E.A., 

Hutchings, J.A. and Jennings, S., 

2009. Rebuilding global fisheries. 

Science, 325(5940), 578–585. 

DOI:10.1126/science.1173146 

Xu, Q., Yang, Z., Chen, S., Zhu, W., Xiao, 

S., Liu, J., Wang, H. and Lan, S., 2022. 

Effects of replacing dietary fish meal by 

soybean meal Co-fermented using 

bacillus subtilis and enterococcus 

faecium on serum antioxidant indices 

and gut microbiota of crucian carp 

Carassius auratus. Fishes, 7(2), 54. 

DOI:10.3390/fishes7020054 

Xu, X., Yang, H., Zhang, C., Bian, Y., 

Yao, W., Xu, Z., Wang, Y., Li, X. and 

Leng, X., 2022. Effects of replacing 

fishmeal with cottonseed protein 

concentrate on growth performance, 

flesh quality and gossypol deposition of 

largemouth bass (Micropterus 

salmoides). Aquaculture, 548, 737551. 

DOI:10.1016/j.aquaculture.2021.73755

1 

Yang, H., Bian, Y., Huang, L., Lan, Q., 

Ma, L., Li, X. and Leng, X., 2022. 

Effects of replacing fish meal with 

fermented soybean meal on the growth 



Iranian Journal of Fisheries Sciences 25(4) 2026                                              727 

performance, intestinal microbiota, 

morphology and disease resistance of 

largemouth bass (Micropterus 

salmoides). Aquaculture Reports, 22, 

100954. 

DOI:10.1016/j.aqrep.2021.100954 

Yousefi, M., Adineh, H., Reverter, M., 

Hamidi, M.K., Vatnikov, Y.A., 

Kulikov, E.V., Hoseinifar, S.H. and 

Van Doan, H., 2021. Protective effects 

of black seed (Nigella sativa) diet 

supplementation in common carp 

(Cyprinus carpio) against immune 

depression, oxidative stress and 

metabolism dysfunction induced by 

glyphosate. Fish & Shellfish 

Immunology, 109, 12–19. 

DOI:10.1016/j.fsi.2020.11.032 

Yu, Z., Sun, Z., Ou, B., Zhou, M., Huang, 

Y. and Tan, X., 2023. Effects of partial 

replacement of fish meal with black 

soldier fly (Hermetia illucens) larvae 

meal on growth performance, lipid 

metabolism and hepatointestinal health 

of juvenile golden pompano 

(Trachinotus ovatus). Aquaculture 

Reports, 33, 101824. 

DOI:10.1016/j.aqrep.2023.101824 

Zhang, J., Zhong, L., Peng, M., Chu, W., 

Liu, Z., Dai, Z. and Hu, Y., 2019. 

Replacement of fish meal with soy 

protein concentrate in diet of juvenile 

rice field eel Monopterus albus. 

Aquaculture Reports, 15, 100235. 

DOI:10.1016/j.aqrep.2019.100235 

Zhang, X., Wang, H., Zhang, J., Lin, B., 

Chen, L., Wang, Q., Li, G. and Deng, 

J., 2020. Assessment of rapeseed meal 

as fish meal alternative in diets for 

juvenile Asian red-tailed catfish 

(Hemibagrus wyckioides). Aquaculture 

Reports, 18, 100497. 

DOI:10.1016/j.aqrep.2020.100497 

Zhou, Q.L., Habte‐Tsion, H.M., Ge, X., 

Xie, J., Ren, M., Liu, B., Miao, L. and 

Pan, L., 2018. Graded replacing 

fishmeal with canola meal in diets 

affects growth and target of rapamycin 

pathway gene expression of juvenile 

blunt snout bream, Megalobrama 

amblycephala. Aquaculture nutrition, 

24(1), 300–309. 

DOI:10.1111/anu.12560 


