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Abstract: In recent decades, the aquaculture industry has seen exponential growth worldwide,
surpassing other food production sectors. This review aims to explore the dynamics of aqua feed
production, particularly the shift from conventional to local feed production in Africa, driven by
cost-effectiveness and the availability of raw materials. This review examines various scientific
publications on aqua feed, focusing on both conventional and novel feed formulations and their
impact on both small-scale and large-scale aquaculture. Commonly used aqua feed ingredients
among African farmers include cassava, maize gluten, groundnut oilcake, sunflower oilcake, soybean
meal, kale, peas, garlic, shrimp wastes, and waste blood. Novel ingredients such as insect-based
diets, micro-algae, and fish discard formulations are also explored. Aqua feed composition impacts
aqua waste, water quality, algae, oxygen demand, fish mortality, and eutrophication, and findings
from literature reiterate the need to reorient feed formulation methods and ingredients to achieve a
circular economy in Africa. This will entail promoting increased fish production at minimal costs and
creating employment while supporting climate adaptation and mitigation efforts. Ultimately, the
aqua feed sector has the potential to grow sustainably through the adoption of feed alternatives that
prioritize sustainable production and encourage beneficiation studies.
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1. Introduction

For the past 20 years, aquaculture has experienced the fastest rate of growth among
all food production sectors [1]. For the first time, aquaculture dominated worldwide fish
production, reaching an unexpected 130.9 million and constituting 51% of the total aquatic
animal production [2]. In Africa, production volumes have massively grown by 455% since
the year 2000 but rank lowest when compared to other regions such as Asia, Latin America
and the Caribbean, and Europe [3]. Although constituting fewer countries, the Northern
African regions dominated the 2021 regional production volumes, contributing to 66.93%
of the regional tonnage [3]. However, several nations in sub-Saharan Africa (SSA) have
witnessed an increase in aquaculture production of 12–23% each year over the last two
decades [4,5].

Fish production in Kenya alone, for example, has expanded over the past ten years,
rising almost four-fold from over 5000 metric tonnes (MT) in 2009 to almost 19,000 MT
in 2019 [5]. Countries such as Nigeria and Uganda are leading in SSA in terms of aqua-
culture, accounting for 34% of national fisheries output and contributing 4.5% and 3% of
national GDPs, respectively [3]. Despite having one of the strongest economies in SSA,
South Africa has performed poorly in aquaculture, contributing to less than 1% of Gross
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Domestic Product (GDP) and 4% of agricultural GDP [6–8]. Overall, the most pressing
question is whether the industry is expanding quickly and responsibly enough to satisfy the
expected demand, a situation that is being worsened by a changing climate and a growing
population [9]. Such rapid growth is not without challenges and consequences associated
with environmental stress. Focus is therefore needed is assessing the sustainability and
circularity of the aquaculture industry.

This paper provides a comprehensive literature review of aquafeeds, specifically in
Africa, as a premise for sustainable food production. Much ado about improving our food
systems to make them sustainable has been advocated for. Hence, aquaculture plays a
significant role as it augments human nutrition, provides jobs, improves livelihoods along
value chains, and lessens strain on wild aquatic resources [10,11]. In this paper, we define
aquaculture as the practice of growing aquatic and freshwater organisms in a controlled
environment where production is influenced by economic, technological, biological, and
environmental factors [12,13]. Worldwide, demand for aquaculture goods is increasing due
to declining wild fish returns. The current food production system is stated to be wasteful,
environmentally destructive, and inefficient [14] due to its contribution to environmental
degradation, greenhouse gases, and other pollutants. On the other hand, limited resources
and energy costs, particularly from fossil fuels, continue to grow, putting a further burden
on attaining sustainability.

Challenges such as food sanitation, governance, trade and markets [15], diseases,
climate extremes, the use of wild stocks in feed production [16], and increasing human
population and therefore higher demand [17] impede current aquaculture fish production
from meeting demand. Additionally, the expansion of the aquaculture industry is hampered
by high feed prices [4,13,18]. Increased fish feed costs are common across the African globe,
with the largest producing countries, such as Egypt and Nigeria, facing this predicament.
The high cost of imported feed in African countries has led fish farmers to adopt suboptimal
alternatives such as termites, rice bran, and domestic wastes, resulting in underperformance
in the aquaculture sector, highlighting the importance of high-quality fish feed for achieving
growth, development, and profitability [19]. Other challenges related to fish feed include
inadequate supply of quality fish feed, lack of trained feed nutritionists, and concerns over
the nutritional value of novel fish feeds and feeds by small-scale farmers [20–22].

While imported feeds are becoming more widely available in sub-Saharan Africa,
certain countries are boosting investments in local feed production to benefit from less ex-
pensive and more readily available raw materials [4]. The use of fish flour as a main protein
source in aquafeeds (69% of ~41,000 tons in 2017) is precarious given that its production
from the wild keeps decreasing annually, therefore making it costly to procure [23]. As a
result, innovative methods of generating sustainable and ecologically friendly aqua-feed
alternative ingredients at a lower cost are required. Aquaculture feed can be categorized as
either artisanal or commercial, where artisanal feed is produced on a small scale using local
raw materials and basic processing methods, while commercial feed manufacturers utilize
bulk raw materials and advanced machinery for processing [24]. Novel fish feeds are set to
largely benefit small-scale farmers who are under-resourced and struggle with importing
feed to effectively produce stocks that can compete with the commercially fed breeds.
This review presents an exposition and overview of the various feed alternatives under
consideration for local farmers to provide cost-effective, nutritional, and sustainable feeds.
Additionally, this paper discusses the potential of sustainable aquaculture in strengthening
human food systems, creating employment, and minimizing pressure on wild aquatic
resources through progressing towards circular economies.
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2. Methods

A systematic literature search was developed using keywords such as ‘sustainable’,
‘aquaculture’, ‘aqua feeds’, and alternative terms such as ‘novel aqua feeds’, and ‘local
aqua feeds’ with the advanced search restricting the search to Africa. The literature query
search was combined with concepts such as ‘circular economy’ and ‘life cycle assessments’
across databases including Google Scholar, Scopus, Science Direct, PubMed, and FAOStats.
Abstracts, results, and conclusions from review studies and grey literature were reviewed,
with the final search conducted on 26 August 2024. This study was not limited to a specific
number of studies but included all relevant documents that met the criteria of speaking
to the sustainability of novel feeds in aquaculture systems, being written in English, and
focusing on the circularity of aquafeeds that used local ingredients. The exclusion criteria
included dated articles and duplicates.

3. Aqua Feed Alternatives

Novel ingredients and aquafeeds are needed as an alternative to the current unsus-
tainable production and transportation of feed ingredients from sources that are procured
from far away and, therefore, become costly. In 2018, the number of aqua farmers in Africa
reached approximately 1.2 million, registering a ~30% growth from 920,000 in 2014 [25].
However, the growth of the sector is hindered by the heavy reliance on tilapia farming,
which is sensitive to diseases and requires costly feed [26]. Additionally, feed ingredients
tend to bear a high carbon footprint on the environment. As an alternative to conven-
tional production processes and unsustainable sources of ingredients currently in practice,
blue feeds can be the alternative and answer to inclusive, sustainable, and resilient (in-
cluding climate-smart, carbon-neutral, or reduced-emission) aquaculture fish production.
Replacing fishmeal with alternative protein sources, for example, is inevitable in ensuring
sustainable, cost-effective, and quality aquaculture fish production. Most ingredients used
in novel feeds are found abundantly and can easily be harvested, and therefore, have
the potential to reduce feed costs [27]. However, whether fish feed ingredients in use are
plant- or animal-based and less costly stems from how they are grown, produced, sourced,
transported, and stored for use as feeds [7,28–30]. Issues regarding the quality of local
ingredients are also a cause for concern, especially for small-scale manufacturing that is
not under any monitoring [31]. This calls for the need for an exposition of fish feed and
ingredients across the continent and recommendations of ways to enhance local ingredients
and aquafeed to replace fish meal and fish-oil-based feeds where possible. However, several
factors should be considered when selecting content for usage in aquaculture, including
ingredient accessibility, availability, and nutrient content [32].

Several research initiatives are currently underway to evaluate various local components
for commercial feed production, including insects and other new components [13,18,33,34].
Modern innovations, such as the nutritious pond concept, which makes use of underutilized
local ingredients, hold the potential to increase productivity while creating environmental
advantages and adding to a circular economy through the effective utilization of feed
waste [35]. Advancing research and development to examine locally accessible ingredients
and increase low-cost local manufacturing of fish feed is critical to the growth and sustain-
ability of aquaculture in sub-Saharan Africa. Table 1 shows a summary of the cost-benefit
analysis of different aqua feed options discussed in this study.

Managing alternatives and optimizing fish nutrition and growth are, however, complex
undertakings. A highly digestible feed lowers production costs but can increase feed
waste and eutrophication. Despite continuous and expanding research on novel and
low-cost ingredients for commercial feeds, studies on the evaluation of farming practices,
feed performance, and experimentation remain limited [4]. Some of the feed alternatives
indicated in Table 1 are presented in more detail in the ensuing sections.
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Table 1. Comparative analysis of the studied fish feed ingredients.

Aqua Feed Average Cost
per Ton Availability Potential Benefits Challenges References

Plant-
based feed

USD
300–USD 700 High

- Readily available ingredients
(e.g., soy, maize, cassava)
- Sustainable reduces pressure on
fish stocks.
High amino acids.

- Lower digestibility
than fishmeal.
- May require
supplementation due to
anti-nutritional factors.

[36–39]

Fishmeal
Fish oil

USD 1600
USD
800–USD
1800

Moderate - High protein content.
- Promotes fast fish growth.

- High cost, especially for
small-scale farmers.
- Environmental concerns
about overfishing
for fishmeal.

[40–42]

Insect-
based feed

USD
400–USD 700 Moderate

- High protein content (40%+),
Ca (7.56%).
- Sustainable, uses organic waste.
- Potential to reduce
costs long-term.
- Larvae contain
natural antibiotics.

- Limited large-scale
production in Africa.
- Regulatory challenges and
lack of widespread acceptance

[40,43–46]

Algae-
based feed

USD
1000–USD
1500

Low

- Sustainable alternative to
fishmeal.
- Excellent source of amino acids
and omega-3 and omega-6
fatty acids.
- Improves growth rates and
overall animal health.
- Promotes color and
disease resistance.

- High production cost.
- Still in developmental stages
in Africa.

[40,47,48]

Fish-
discard-
based feed

USD
400–USD 600 High

- Inexpensive and
readily available.
- Utilizes by-products of fish
processing, reducing waste.

- Quality inconsistency.
- Risk of contamination and
lower nutritional value.

[40,49–51]

3.1. Plant-Based Proteins

Recently, plant proteins, including agricultural waste and oil seeds, have received
attention as alternative and sustainable sources of protein for aquafeeds. Agriculture
alone produces 998 million tons of waste annually [52]. These include animal waste, food
processing waste, field residue, abandoned vegetables, and fruit, among others. Fish
feed can be made from these and organic scraps that are safe for human consumption.
Protein is an essential nutrient crucial in the selection of fish feed ingredients [33]. Table 2
summarizes some of the identified benefits and challenges of plant-based protein feed from
the reviewed literature.

Table 2. Advantages and disadvantages of plant-based proteins in fish feed.

Plant Based Protein References

Benefits

Safer for human consumption [37,53–56]

Cost-effective [4,57]

Widely available [4,57]

Disadvantages
Toxicity in cassava [58]

Reduced nutritional profile [57,59]
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Fish on food waste diets are generally safer for consumers as compared to fish-fed com-
mercial diets, owing to greater pollutant concentrations in commercial diet fishmeal [55,56].
Conventional land-based foods have been recommended for some applications as alter-
natives for a portion of the fishmeal, but they can alter the nutritional content of the fish
produced [60].

Wastes composed of cassava leaf flour, Gliricidia sp. (a nitrogen-fixing legume) leaves,
and rice husk, enhanced with Spirulina sp. powder, are alternative sources of protein [32].
Cassava farming, for instance, is spread throughout several tropical countries, and it is
widely grown across Africa, with an estimated yearly output of 291.9 million tons [61].
Cassava leaves contribute to the supply of proteins, micronutrients, and minerals and are a
significant source of carbohydrates, but some varieties contain cyanogenic elements that
must be detoxified before use [58].

Soybean and groundnuts are popular legumes in Africa but tend to be expensive
compared to other legumes and tubers, such as sweet potato and cassava [4]. The choice
and the combination of local ingredients depend on availability and affordability. A study
conducted in Ghana showed that 43% of farmers use either yellow or white maize in
the formulation of feed [4]. Nigerian plant commodities such as yam, plantain, banana,
cowpeas, mucuna, maize, cassava, millet, sorghum, groundnut, sun hemp seed, and
brewery wastes are being examined as viable fish feed materials [62]. In Kenya, farmers
use plants such as spinach, cassava, vitamin mix, peas, carrots, garlic, kale, groundnuts,
soybeans, and maize as feed ingredients [63]. However, some of the substances utilized
in fish feed manufacturing, such as maize gluten, groundnut oilcake, sunflower oilcake,
and soybean meal, can act as fungal growth sites [63]. Overall, plant-based proteins have
been identified as reducing environmental impacts, having nutritional benefits for fish, and
being relatively cheaper than traditional fishmeal. However, there is a need for careful
formulations as some plants, such as cassava leaves, can be toxic while others promote
fungal growth.

3.2. Insect-Based Protein

Insects have been studied widely as a viable protein source that can replace expensive
and conventional ingredients such as fishmeal. Additionally, life cycle assessments have
assisted in understanding the potential environmental impacts of using insects as feed
sources. These assessments focus on parameters such as global warming potential, resource
use (land, energy, water), eutrophication, acidification, economic fish-in-fish-out ratio,
and solid waste output production [18,58]. Table 3 shows some of the advantages and
disadvantages of using insect-based proteins in fish feed.

Table 3. Advantages and disadvantages of insect-based protein in fish feed.

Insect-Based Protein References

Benefits

Reduced land and water usage [64]

Increased weight in fish [65]

Increased profits [65]

Can convert organic material into essential nutrients for fish [66,67]

High in protein and lipids [68–71]

Reduced pressure on wild fish stocks [72]

High feed conversion efficiency [72,73]

Disadvantages

Limited consumer acceptance [74]

Food safety concerns [75]

Allergen concerns [70]

Palatability may vary [70,72]

Higher carbon footprint [76]
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Manufacturing insect meal has environmental consequences that are measured using
several indicators, including aquatic acidification potential (kgSO2e), agricultural land
occupation (m2 org.arable), cumulative energy demand (MJ), global warming potential
(kgCO2e), aquatic eutrophication potential (kgPO4e), water depletion (L deprived), and
toxicity potential (ton TEG water/soil) [71]. These indicators reflect aspects such as acidi-
fication of aquatic ecosystems, land use, energy consumption, greenhouse gas emissions,
eutrophication, water scarcity, and potential toxicity to water and soil. Studies by Alfiko
support these assertions by showing the favorable impact on land usage for insect pro-
duction. The downside is that insect production requires high energy use and has a larger
carbon footprint than conventional protein sources [76] (see Figure 1).
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Studies have demonstrated that utilizing the Black Soldier Fly (BSF), Hermetia illucens
L., can effectively transform various organic materials like food waste and manure into
valuable nutrient sources for livestock and aquaculture feed. This presents a double win
in novelty- where waste is minimized, and the environment is protected through nutrient
recycling [46,66,77]. The treatment of bio-wastes originating from insect rearing presents an
opportunity for the production of fertilizer critical for crop production [71]. In contrast, the
inclusion of BSF, housefly (Musca domestica), mealworm (Tenebrio molitor), and grasshopper
(Zonocerus variegatus) results in more solid nitrogen waste when compared to insect-free
diets [78].

Using insect protein as a cost-effective alternative to fishmeal in tilapia aqua feed is
viable. Studies demonstrated how feeding Nile tilapia fingerlings a diet with 33% black
soldier fly larvae resulted in a larger gross profit margin compared to a diet with 100% black
soldier fly larvae [65]. Additionally, the study found that fish on the insect diet experienced
a 15% weight increase compared to those on controlled diets [65]. While Nile tilapia
constitutes the majority of aquaculture production in sub-Saharan Africa, production costs
and limited research on feed formulations have hindered its expansion [46,65]. Effective
communication and farmer education are also lacking but key in enhancing farmers’
awareness and understanding of the BSF diet and other novel fish feed ingredients among
African smallholder farmers [43]. Although termites are abundant, their use is relatively
low across Africa [43,79]. However, the promotion of the use of insect protein has multiple
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benefits. Insect-based protein is environmentally friendly, has high nutritional value, and
potential to free up arable land for food production and ultimately improve food security in
Africa. This is because insect farming uses 50 to 90% less land per kg of protein produced,
40 to 80% less feed per kg of edible weight, produces 1.2 to 2.7 kg less greenhouse gas
(GHG) emissions per kg of live weight gain, and 1000 L less water per kg of live weight
gain compared to conventional livestock production systems [64,80]. Additionally, insect-
based feed formulations have the potential to greatly benefit the animal husbandry and
aquaculture industry in African communities, which serves as a critical economic and social
asset. This growth in the industry not only supports the livelihoods of many individuals
but also presents numerous synergistic opportunities for African economies.

Incorporating insects into fish feed holds promise for augmenting per capita fish
consumption, thereby bolstering food security. Insect meal in aquaculture feed reduces
energy requirements for synthesizing amino acids and proteins, enhancing metabolic ac-
tivity and bolstering the immune system [67]. Its high protein content and superior lipid
profile make it an excellent alternative to fishmeal for promoting the development of fry
and juveniles [68]. Despite its potential growth, the current use of insect meal in aqua
feed represents less than 1% of the global market [68]. In East Africa, multiple edible
insect species such as Acheta domesticus, Scapsipedus icipe, Gryllus bimaculatus, Schistocerca
gregaria, Ruspolia differens, Hermetia illucens, Tenebrio molitor, and Rhynchophorus phoenicis
have the potential for farming [81–83], but the rapidly expanding industry lacks sufficient
research attention. In South Africa, ensuring health and safety standards and implementing
regulations for the farming and trade of edible insects and insect products are paramount
considerations [72,75,84]. Additionally, some obstacles, including fostering consumer ac-
ceptance, addressing food safety apprehensions, and enacting suitable regulations, must be
effectively addressed through collaborative endeavors involving the government, industry,
and academia [74]. Also, certain difficult concerns, such as expenses and scaling up insect
production, still persist across the continent [76].

3.3. Algae-Based Feed

Microalgae, which are aquatic unicellular microbes with approximately 50,000 species,
can be used as sustainable fish feed. This is because they have the potential to reduce the
strain on aquaculture based on fish flour and fish oil and help close the supply–demand gap
for fish by increasing production [85]. Though these can fall under plant-based proteins,
microalgae are a renewable resource and have a quick growth rate [86] thus we consider
them separately. Table 4 provides a summary of some of the pros and cons of algae-based
fish feed.

Table 4. Advantages and disadvantages of algae-based fish feed.

Algae-Based Feed References

Benefits

Require minimal water and arable land [85,87]

Highly nutritious [88]

Ubiquitous and have higher biomass yields [86,89]

Multiple benefits, including wastewater treatment potential [90]

Job creation (coastal communities) [91]

Helps carbon sequestration and nutrient recycling [91]

Disadvantages

Increased presence of metal bioaccumulation [90]

Not easily digestible [90]

Inconsistent biochemical composition and nutritional value [25,90]
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Microalgae biomasses are prospective feed source ingredients because their cell
metabolites provide a combination of vital amino acids, healthy triglycerides, vitamins, and
pigments [88]. Also, their production uses minimal land and water, making microalgae-
based feed environmentally friendly. They are particularly well-suited to extensive pro-
duction due to their high biomass yields per unit area and capacity to thrive in saltwater
or non-potable water on non-arable terrain [87]. However, toxic metal bioaccumulation,
poor microbial biomass digestion, and anti-nutrient effects must all be addressed before
microalgae biomass and bio-products can be used as fish diets [90].

There is potential for the use of macroalgae as alternative plant-based feed sources.
A study on coastal aquaculture in Zanzibar found that seaweed farming has achieved
commercial-scale production, although challenges such as seaweed die-offs and economic
constraints hinder its expansion [89]. Seaweed has rapid growth, high biomass production,
and potential as a carbon sink before harvesting. It is therefore considered a novel alterna-
tive for fish food and feed, but consumer demand would need to be increased [89]. Seaweed
cultivation in Africa has significant potential for job creation, value chain development,
and export growth. Algae cultivation, predominantly red algae, has witnessed significant
development in Tanzania, while other African nations such as Namibia, Mozambique,
Madagascar, Kenya, and South Africa have also acknowledged the potential of cultivating
seaweeds and have been actively developing their seaweed industries in recent decades [25].
The South African seaweed industry is a huge sector, and one of its crucial aquaculture
products is the green seaweed Ulva, which plays a vital role as a feed source in South
Africa and serves as a template for other coastal countries [92]. With affordable investment
costs and increasing demand, seaweed farming offers an opportunity to improve living
conditions across the continent. Unlike traditional agriculture and fish farming, seaweed
cultivation, currently dominated by women, requires minimal land, water, and external in-
puts while contributing to social equity, coastal ecosystem restoration, carbon sequestration,
and nutrient recycling [91].

Despite algae’s potential for huge economic benefits due to lower input costs, low
carbon footprint, and wastewater treatment ability, their biochemical composition knowl-
edge is scarce and varied, while the nutritional value information is scattered or inconsis-
tent [90]. The knowledge gap presents an opportunity for further research and development
into feeds.

3.4. Fish-Waste-Based Feed

Fish discard is starting to emerge as a fish feed alternative for the aquaculture industry.
World leaders’ priority is not just to ameliorate the effects that have already occurred but
also to tackle the demand to generate more food and energy for a global population that
is projected to exceed 10 billion people by 2050 through fewer fossil fuels, lower harmful
gas emissions, and zero waste [93,94]. Over the last decade, more than 40 countries have
developed and implemented national policies, policy instruments, and strategies related to
this new economic model of reduced and zero waste [95–98], which is primarily based on
an efficient resource management system with the priority of extending the useful life of
materials and products and preventing their loss of value by incorporating their waste into
production processes [95,99]. Fish waste and feeding residue generate carbon dioxide (CO2)-
rich organic matter, while protein-rich residual feed and fish excretions release nitrous
oxide (N2O) and methane (CH4) into the atmosphere through gas bubbling [7,100,101].
Utilizing fish waste in feed can reduce the amount of discard in the environment. Table 5
provides a summary of the merits and demerits of using fish waste in fish feed.
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Table 5. Advantages and disadvantages of using fish waste in fish feeds.

Fish-Waste-Based Feed References

Benefits

Efficient resource use [102–105]

Highly nutrient rich [102,106–109]

Lower environmental pollution [106]

Cost-effective [106]

Disadvantages
Regulatory and safety concerns (e.g., pathogen risk) [102]

Risk of overconsumption of seafood [106]

More than 60% of fish and shellfish by-products, including bones, trimmings, head,
fins, skin, scales, and intestines, are discarded, whereas less than 40% of fish products
are consumed by humans [107]. Collagen and gelatin can be found in fish skin offal.
Fishbone is primarily cartilage that has been cemented with calcium phosphate. Fish spine
waste is another good source of protein and minerals. Furthermore, fish scales contain both
inorganic and organic components, principally hydroxyapatite and collagen [108]. Fishbone
and fish spine waste can, therefore, be utilized as ingredients in fish feed, organic fertilizers,
biogas production, extraction of bioactive compounds, and industrial applications such
as the production of biomaterials and dental products, cutting production costs while
increasing income [103,106,109]. The use of fishery discards as a secondary raw material is a
resource-efficient approach that lowers production costs, mitigates potential environmental
impacts, and contributes to maintaining fisheries sustainability [103]. It is important to
consider in-depth studies on the valorization of fish discard in African contexts.

4. Feed Management in Aquaculture

Several studies have shown the importance of effective feed management approaches
in reducing feed waste, lowering costs, promoting fast fish growth, and increasing prof-
itability [109–111]. Proper feeding management can lower feed costs by 15–20% [110].
Underfeeding and overfeeding are both prevalent in multiple farming systems and na-
tions [111]. Underfeeding wastes feed, resulting in stunted growth and reduced production,
while overfeeding is equally detrimental to water quality [109,110]. A study conducted in
Ghana indicated incidences of overfeeding and many cases of underfeeding in small-scale
production systems [4]. A low percentage of aquatic animal survival is caused by the
ammonification of extra feed and waste that is dumped at the bottom of the pond.

Species- and fish-size-specific possible efficacy of any diet must be known to facilitate
labeling feed with the required data on feed digestibility and potential waste output,
including the amount of solids, phosphorus, and nitrogen [112]. The researchers also
proposed that the biomass of the fish in the system be known, as well as appropriate
information on the fish’s health and physiological status [112]. Uniformity in fish size is
critical for them to ingest the same size of pellet; the feed should be sieved to eliminate
dust and remove broken pellets; and the feed must be fed successfully to reduce waste
from uneaten feed [113,114].

Aqua Feed Formulation Methods

Feed composition and chemical composition are essential for sustainable aquacul-
ture [115]. Proper feed ingredient grinding, pelleting, and steam flaking increase nutritional
availability, minimize undigested feed and fecal loss, and promote good water quality [116].
Production methods like extruded diets where aqua feed dry ingredients are moistened
and heated through steaming ensure consistency and digestibility, reducing the amount of
toxins expelled into the water [117]. Evidence suggests that extruded free-floating feeds are
more appropriate than sinking feeds in reducing lake pollution [118]. Most small-scale feed
producers from African countries still struggle with producing free-floating feed [119].
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Highly digested feedstuff, for example, reduces solid waste outflow while improving
water quality. Determining material for feed ingredients requires a study of digestibility.
Feed with highly digestible components is connected with improved growth performance
and lower feed waste, which may contaminate the environment [120]. As a result, it is
advised to choose and consider adequate feed ingredients with sufficient digestible phos-
phorus and nitrogen levels to reduce phosphorus and nitrogen excretion while maintaining
growth performance [121]. The number of necessary amino acids and their balance are
important elements in defining the quality of fish feed. Excessive amino acid feeding
causes ammonia excretion and energy loss [122]. The balance of protein intake and energy
use reduces dissolved nitrogen waste. Dietary planning based on adequate phosphorus
availability reduces phosphorus excretion and enhances water quality [123]. Nitrogen
excretion can be decreased by including crystalline amino acids and other synthetic amino
acids in fish diets to accurately match amino acid needs [124].

5. Navigating the Sustainability of Aqua Feed in Aquaculture

Aquaculture is impacted by several factors, including climate variability, sea level
rise, infections, hazardous algal blooms, the unpredictability of external input supplies,
and shifting sea surface salinity [125]. Approximately 71% of fishmeal and 74% of fish
oil are from wild catches, particularly pelagic fish, with the remainder emanating from
aquatic animal processing waste [126]. The aquaculture sector consumed approximately
86% of global fishmeal production in 2021 [2]. Given this high demand, the continued
supply of fishmeal for increased future aquaculture fish production is unsustainable. In
context, sustainably caught small pelagic fish cannot meet this demand as their availability
continues on a downward trajectory [1]. Their availability is also challenged by climatic
conditions [127]. As a result, aquaculture ought to minimize reliance on fishmeal and fish
oil from small wild stocks, which support aquatic food chains and food security for the
poor on many coastlines. The adoption of innovative fish feeds in aquaculture has the
potential to support the nutritional demands of fish attributed to humans while having
little environmental implications [52] (see Figure 2).
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The implications of novel fish feed for improving human livelihoods extend beyond
profitability. However, they have several positive and negative implications on the socio-
economic and environmental factors that affect sustainability. Demonstrating beneficiation
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in attaining sustainability in aquaculture, particularly in SSA, where the fish farmers are
mostly small-scale, is crucial. Table 6 provides a summary of some of the implications
identified from the literature.

Table 6. Socio-economic and environmental implications of novel aqua feeds in Africa.

Identified Impacts References

Social

Poverty reduction [129,130]

Reduced malnutrition [91,131]

Increased food security [130,132]

Gender empowerment [133]

Economic

Improved production (increase in fish size and quantity, reduced
mortality, etc.) [4,134]

Increase in local supply (increased access) [91,135]

Increased profits [4,134,136]

Increased employment opportunities for rural communities [4,91,129,137]

Increased market inequalities [91,133,138,139]

Poor payment over novel feeds [91]

Environmental

Increased resource efficiency [33,140–142]

Reduced pressure on wild catches [143–145]

Increased competition for resources with other industries [146]

Eutrophication from aqua waste (nitrous oxide, methane, etc.) [100,101,147,148]

Aquaculture possesses the potential for climate change adaptation and mitigation be-
yond its existing benefits in poverty reduction and food security [130]. Around 200 million
individuals in Africa obtain affordable and nutritious proteins from fish, yet the utilization
of fish as a means to address the “triple burden” of malnutrition—which encompasses obe-
sity, undernutrition, and micronutrient deficiencies and significantly contributes to health
issues in the area—is not maximized [149]. If properly produced, improved feeds result
in improved production, which can end malnutrition and help build healthy, eco-friendly,
and resilient food systems [91,131].

Moreover, novel feeds have the potential for higher revenues due to faster growth,
increased fish size and productivity, lower feed costs, reduced mortality, and enhanced
management practices [4,134]. Affordably priced quality feed will make fish farming more
appealing to small-scale farmers, inspiring them to begin or resume aquaculture or to take
fish farming seriously again [4]. Improving aquaculture livelihoods is made possible by
creating nutritious, affordable, and easily accessible feed [135]. The fish feed industry has
the potential to create employment for both men and women in most African countries.
Novel local feeds can augment local economies, especially for vulnerable groups and rural
communities [137]. However, a study conducted in nine African countries [91] revealed that
the fish-based feed industry, particularly in Guinea, has widespread issues of poor payment.
Also, a review of studies in Nigeria found that literature on feed production gender
dynamics remains scarce, and where available, indications show that men dominate feed
production and supply, but the strengthening of such sectors does provide opportunities
for both men and women [133].

The biggest barriers to aquaculture development in developing nations are feeding
costs and quality, but this can make the venture unsustainable in terms of return on
investments. Also, the adoption of creating their own feeds using cheaper and locally
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accessible raw materials remains low in some African countries, and only a few do so when
finances are tight, which may compromise beneficiation [4]. Some of the challenges cited in
the adoption of novel fish technologies include limited knowledge, resource constraints,
and traditional norms and beliefs, among other factors [150]. Experimentation is strongly
suggested to determine suitable and cost-effective combinations of locally accessible raw
materials and commercial feeds.

Aquaculture production must also prioritize environmentally sustainable practices [7,151].
Indirect and direct impacts of climate change on aquaculture include implications on tar-
geted populations’ range and productivity, habitats, and food webs, as well as impacts on
fishery and aquaculture costs and productivity, as well as fishing community livelihoods
and safety [152,153]. The promotion of aquaculture production has resulted in adverse con-
sequences, such as increased GHG emissions from the production of fishmeal sourced from
animal products and the loss of carbon sinks due to mangrove clearing, thereby amplifying
atmospheric GHG persistence [130]. Sustainable aquaculture production can contribute to
triple wins for increased production, climate mitigation, and climate adaptation. Mitigation
and adaptation efforts can include innovations in feed formulation, feed management, and
system design. The nutritional makeup of aqua feed is critical as it affects the quality of
waste products, which have an impact on both the water quality in culture systems and the
surrounding environment. The waste generated by fish can accumulate in the surrounding
environment, leading to oxygen depletion in the water and the formation of algal blooms
and dead zones [154].

Aqua wastes can affect the pH of the water, the number of algae in it, the biological
oxygen demand (BOD), and even the fish mortality rate. Aqua-feed wastes promote
eutrophication, which results in blooms of toxic algae [147]. Additionally, because fish
cannot retain all the food they eat, a sizeable portion of the feed is left uneaten, resulting in
massive amounts of aqua waste being expelled [147]. Solid waste and dissolved wastes
from aquaculture result largely from feed uneaten, decomposed feed, fish droppings, dead
fish carcasses, chemicals, pathogens, and other components [112].

Insufficient implementation of environmentally sustainable practices, which minimize
the impact on the environment, emerges as a contributing factor hindering both economic
growth and the intensification of aquaculture in SSA [155]. Effective management of feed in
aquaculture can significantly reduce waste and minimize the environmental impact. Imple-
menting strategies such as optimizing feed conversion ratios, providing feed digestibility
and waste production information, sifting feed to remove dust and broken pellets, ensuring
proper feeding practices, incorporating low-phytate grains, increasing phytase levels in fish
feed formulation, and developing high-energy extruded feed can reduce waste, improve
overall feed utilization, minimize phosphorus release into the water, and minimize nutrient
leaching [112]. The dual benefits of economic growth and environmental sustainability can
be realized through cleaner technologies and sustainable production practices [7].

Importance of Circularity of Aqua Feed

Over the last 50 years, agricultural production has tripled owing to soil expansion
for agricultural use, the Green Revolution technologies, and increased human population
increase [156]. The international regulatory framework for sustainable development has
transformed agriculture’s role, particularly policies and plans for the circular economy(CE)
and bioeconomy. This has resulted in novel and enhanced techniques for agricultural waste,
resource use efficiency, sustainable production, and reduced ecological impacts [93]. Egypt
is forerunning in the integration of fish production and rice farming, maximizing efficient
utilization of resources such as land and water while improving food security. The country
leads in rice production across Africa and the Middle East [157], and the incentivized rice
field aquaculture can be an opportunity for minimizing feed costs through novel fish feeds
incorporating protein from rice.

The cost, quality, and nutritional value of feed are concerns for small-scale fish farmers,
leading them to produce their own feed from agricultural by-products. However, the
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resulting feed powder from most African small-scale fish farmers presents several physical
and nutritional disadvantages for fish [20]. Good nutrition in aquaculture systems is
essential to the economical production of a healthy and high-quality product. In addition,
ingredients are often imported, and the distance that they need to cover in transportation
for milling, feed production, distribution, wholesale, and retail means that costs become
high. As such, production easily becomes unsustainable. Countries are challenged to
re-orient production approaches in the context of climate change by minimizing costs
through replacing conventional feed with novel protein and energy sources, including
indigenous products with high protein and energy products such as indigenous wild fruit
tree products [158].

A CE offers a primary sustainable alternative to traditional linear production practices
such as reuse, recycling, and remanufacturing while reducing the negative externalities [95,159].
Elsewhere, the European food policy mandates CE in all production systems as it offers
the best base for making cradle-to-cradle LCA assessments [160]. The circular economy
and bio-economy make substantial contributions to the attainment of four sustainable
development goals (SDGs), i.e., SDG 2: “Ending hunger, achieving food security, improving
nutrition, and promoting sustainable agriculture”; SDG 11: “Making cities and human
settlements inclusive, safe, resilient, and sustainable”; SDG 12: “Ensuring sustainable
consumption and production patterns”, with the main goal of “doing more and better with
fewer resources” [161]; and SDG 13: “Taking urgent action to combat climate change and
its impacts” [93].

The increase in global agricultural production puts more strain on the environment,
harming soil, air, and water resources [162]. The aquaculture industry requires an alterna-
tive business model, such as a circular economy, as the “take-make-dispose” paradigm is
no longer appropriate in the context of shifts such as climate change. Using waste could,
therefore, help society, the environment, and the economy. In the case of high-demand
aquaculture commodities, efforts must be made to speed up production and fulfill rising
demand, but there is concern about the rate of change and calls for the prudent use of
natural resources. A life-cycle study comparing the environmental effects of standard mix
feed with feed made from cruise ship food waste [163] was seen as a forerunner of the CE
technique in aquaculture. Another study that backs up the CE concept is the replacement
of fish oil with alternative sustainable resources generated not only from vegetable fats but
also from animal fats [164]. A study on Integrated Trophic Aquaculture Systems (IMTA)
conducted in Ireland, Brazil, and South Africa found that nutrient management and re-
source efficiency were the major circularity indications resulting in a 90% increase in water
reticulation and 80–90% improvement in bioremediation effectiveness [165].

6. Limitations of This Study

The limitations of this review include the regional focus on Africa, in particular
sub-Saharan Africa, which could mean that the findings cannot be generalized for other ge-
ographical regions. Also, the limitations in the literature available that provide evidence of
the circularity of fish feeds were identified. Ultimately, this study did not comprehensively
cover all existing research gaps in aquaculture but exposed key gaps for further scrutiny,
such as the need for contextual life cycle assessments on various local feed alternatives in
Africa and beyond.

7. Conclusions

Understanding the dynamics of the aquaculture industry through aqua feeds is critical
in ensuring the sustainability of the livelihood, as feed constitutes the highest expense
incurred during aquaculture fish production. Novel feed formulations promise multiple
socio-economic and environmental benefits, albeit adoption is minimal in most African
countries. The nutritional composition of aqua feed influences aqua waste, which has spi-
raling effects on the environment and fish production; hence, reorienting feed formulation
methods and ingredients is crucial for achieving triple wins for fish farmers and support-
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ing a circular economy. Other implications from this study include minimizing strain on
wild aquatic resources through utilizing novel feed alternatives for both commercial and
artisanal fish feed producers. There are prospects for cost and benefit analysis studies
to pursue the sustainability of local feed alternatives other than plants and insects for an
improved circular economy.
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