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ABSTRACT
The aquaculture sector plays a key role in ensuring food and nutritional security as well as fostering economic growth in sub-Saharan

Africa (SSA). However, as the sector continues to grow, its future faces economic, environmental, and sustainability challenges. At the

core of these challenges are the substantial nutritional and health requirements of the farmed fishes that are cultured semi-intensively

and intensively. Nutrient-balanced feed resources like fishmeal and soybean are highly indispensable inmost aquaculture production

systems in SSA. However, these ingredients are limited, expensive, and are also in direct competition with farmed terrestrial animals

and humans. Additionally, frequent disease outbreaks, especially due to the impact of climate change, pose viability challenges that are

traditionally controlled using chemotherapeutics. But their indiscriminate usage has led to the occurrence of resistant microbes in the

environment further adding to the challenges. Functional ingredients (FIs), derived fromplants andmicrobial sources, are emerging as

viable options to address both the nutritional and health issues of farmed fish. FIs contribute to fish health, growth performance, and

resilience to disease and stress not only through their antioxidant, immunomodulatory, and antimicrobial properties but also by their

nutritional benefits. The incorporation of these ingredients, intofish feeds can greatly reduce production costs, ecological footprint, and

reliance on finite marine resources and synthetic drugs. However, FIs, with a few exceptions, have not been widely adopted in the

aquafeed industry. This review aims to critically examine the reasons behind their limited adoption in the aquafeed industry,

identifying key challenges and research gaps that hinder their widespread application. Additionally, it explores and evaluates the

potential role of FIs in formulating cost-effective and functional aquafeeds with a low ecological footprint. A particular focus is given to

their role in enhancing aquaculture productivity in the SSA region, highlighting opportunities for sustainable growth and the need for

further research to optimize their efficacy and commercial viability.

1 | Introduction

Africa has a population of over 1.5 billion people, about 18% of

the global population. It has been predicted that the number

could increase to 2.4 billion by 2050 [1, 2]. Nourishing such a

growing population presents a significant challenge for Africa’s

food production systems [3]. Aquaculture is considered one of

the major mitigators of food and nutritional security risks in

Africa [4]. It provides affordable and high-quality protein to
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over 200million in countries such as Nigeria, Kenya, and Zam-
bia, where population growth is rapid and economic growth is
slow [5]. Beyond nutrition, the sector also serves as a source of
livelihood for many households, especially in rural areas where
job opportunities are minimal. According to Kaunda and Chima-
tiro [6], the aquaculture industry generates about US$3 billion
yearly and employs over 12.3million people (12.3% of the total
population), with women making up 27.3% of this employment.
Furthermore, it is predicted to employ 21.6million people by
2050, an increase from 20.7million by 2030, with approximately
2.4% of the workforce engaged in the fish food chain [7].

Aquaculture was first introduced into sub-Saharan African in the
early 1920s and over the past 20 years, the sector has experienced
the fastest growth rate among all the food production sectors
globally [8]. In this region, several nations, such as Nigeria,
Uganda, Kenya, Ghana, Namibia, and Zambia, have witnessed
an increase in aquaculture production by 11% (some between
12% and 23%) annually on average since the year 2000—almost
twice as fast compared with the rest of the world (Figure 1) [4].
This has helped reduce the gap between fish supply and con-
sumer demand by over 21% annually. However, there is still a
significant gap [7, 10]. Despite the surge in production, the aqua-
culture output in Africa, including in the sub-Saharan Africa
(SSA) region, has been relatively low (scattered between 0.18%
and 0.25% annually on average) compared to the other regions,
such as Asia, Latin America and the Caribbean, and Europe [4,
11, 12]. Nonetheless, given the availability of suitable land, water
bodies, and adequate yet unexplored or underexplored resources,
there is a good opportunity to further boost aquaculture output
[13, 14]. Also to complement the common production system,
such as pond culture (earthen ponds, concrete tanks, and

tarpaulins), there is the possibility for the adoption of diverse
production systems such as cage culture, pen culture, biofloc
system, and integrated aquaculture-agriculture systems (rice–fish
culture) [5]. These systems are well-suited to the fish species
commonly cultured in the region [15, 16].

Aquaculture in SSA includes a diverse range of species, such as
freshwater and marine fish, crustaceans, mollusks, and aquatic
plants. Commonly farmed species are tilapia (Oreochromis spp.),
African catfish (Clarias spp., Heterobranchus spp., and their
hybrid), carp (Cyprinus carpio), freshwater prawn (Macrobra-
chium spp.), shrimp (Penaeus monodon), oysters and mussels,
and aquatic plants [14, 17–19]. The culture of these species in
different areas of the region is shaped by factors such as the
climate, water resources (marine or freshwater), market demand,
andmost importantly, the availability and supply of feed and feed
ingredients. The FAO report on aquaculture species cultured in
the top nine producing countries in SSA between 2010 and 2021
revealed both common species of interest and the progress
achieved [8] (Table 1 and Figure 2a,b).

African catfish and tilapia species represent a major fraction of the
aquaculture diversity in SSA, where a combination of indigenous
and introduced species is cultured to meet local demand and sup-
port economic development. Their yearly production is estimated
at approximately 298,296 tons for African catfish and 60,350metric
tons for Nile tilapia [8, 14, 20]. Among the African catfish, Clarias
gariepinus, commonly known as the African sharp-tooth catfish,
stands out as one of the most farmed species in SSA, especially in
Nigeria, where it is extensively cultured and consumed [21–23].
For tilapia, Nile tilapia (Oreochromis niloticus) is the most cultured
compared to the other species (blue tilapia and Mozambique
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FIGURE 1 | Annual growth rate in production volumes (mt) for aquaculture species, tilapia (Oreochromis niloticus) and catfish (Clarias gariepinus)

during 2000–2019. Growth rates for production on the African continent, the SSA subcontinent, and the continent’s major producing nations are

displayed. Notably, 70% of the aquaculture output volume in SSA is accounted for by the two leading species. Tanzania’s primary species of seaweed is

being produced at a decreasing rate, but the production of smaller species like catfish and tilapia is expanding quickly. There are 51 countries in Africa

and 45 in sub-Saharan Africa. FAO FishStatj [9] provided the raw data [4].
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tilapia) and this is due to seed availability, growth characteristics,
and adaptability [24–26].

Beyond tilapia and African catfish, attention has increasingly
turned to several other fish species with significant aquaculture
potential to further strengthen the aquaculture economy in the
region. This species includes Pangasius, Cyprinus, Lates, and

Heterotis (for details, see Table 2) [24, 27, 29]. The introduction

and culture of such species could contribute positively to overall

aquaculture production in SSA. However, several challenges,

such as the rising feed costs, water pollution, and most impor-

tantly, extreme weather events associated with climate change

and increased incidence of disease outbreaks are hindering the
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FIGURE 2 | Trend of catfish (a) and tilapia (b) production among some aquaculture top-producing countries in SSA from 2010 to 2021 (Source: Data

extracted from FAO FishStatj 2023 [9]).
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future growth and sustainability of both small and large-scale
aquaculture sectors in the region [4, 13, 30–32].

It is noteworthy that these challenges do not often act in isolation,
but rather interact in complex ways, compounding their overall
impact and creating systemic barriers to sustainable aquaculture
growth. A good example of these interacting challenges is the rapid
increase in the occurrence of disease outbreaks in aquaculture
systems. Disease emergence in many farms is not solely the result
of pathogenic microbes but is often linked to a combination of
factors, which include poor feed quality that causes nutritional
deficiencies, and poor environmental conditions, for instance,
linked to climate change. These conditions create favorable envir-
onments for the pathogen to proliferate, weakening the defense
system of the fish, making themmore susceptible to the pathogens
[33, 34]. Farmers have to rely on chemotherapeutics (e.g., antibio-
tics) and vaccination to treat or prevent such diseases, leading to
further increases in operational costs. Both these approaches serve
their purpose, and when used responsibly, can significantly reduce
mortality. However, in many parts of SSA where the regulatory
framework is limited, these chemotherapeutics are often misused
or overused. These not only increase operational costs but also
pose serious health risks back on the health of the final consumers
of cultured fish and on the environment [35–37].

Vaccination, though effective, comes with its own limitations. It
requires cold-chain logistics, skilled personnel to administer, and
proper handling. These requirements increase costs and make it
difficult for small-scale farmers to adopt. A major portion of these
challenges could be avoided by feeding the farmed fish consis-
tently and adequately with nutrient-balanced feed. However, the
ground reality is that the cost of commercial and formulated
feeds remains high for many small-scale farmers. This financial

constraint pushes many to turn to alternative methods, such as
experimenting with homemade or do-it-yourself (DIY) feeds
made from locally sourced ingredients. While this approach
can be budget-friendly, it tends to lack consistency in nutrient
content and may not adequately meet the dietary requirements of
the fish. This deficiency can prevent the intended benefits of
disease prevention and improved fish health from being fully
achieved, potentially perpetuating the cycle of disease and
increasing reliance on unsustainable chemotherapeutics.

To address the many sustainability challenges it faces, the aqua-
culture production systems in the SSA region must rely on locally
available, easily accessible, and inexpensive sources of nutrients
and bioactive components with broad-spectrum health benefits.
Reliance on local sources of functional ingredients (FIs) in place
of unsustainable chemotherapeutics and imported, conventional
feed materials could address economic, environmental, and social
sustainability challenges facing the aquaculture sector. FIs are feed
ingredients that not only provide nutritional value but also deliver
health-promoting benefits [38]. By including such ingredients with
multifunctional benefits, aquaculture farmers in SSA can reduce
reliance on traditional, high-cost feed resources, and can achieve
economic, environmental, and social sustainability goals. Impor-
tantly, FIs can be locally sourced from agro–industrial by-products
or waste streams, indigenous plants, and marine and freshwater
resources, further reducing costs and supporting circular economy
principles.

In this review, we aim to showcase the potential of FIs as inno-
vative and sustainable alternatives to conventional feed resources
in African aquaculture (Figure 3). By focusing on ingredients that
deliver both nutritional value and health-enhancing benefits, we
intend to discuss how FIs can help lower production costs,

Aquaculture in
sub-Saharan Africa

Common fish
species cultured

African catfish Tilapia

Feed and feed-
related issues

Functional ingredients as
alternative to conventional

feed ingredients

Benefits and
drawbacks

Future
perspectives

Sustainability

FIGURE 3 | Structure of this review.
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decrease dependence on expensive imported feeds and feed addi-
tives, and offer practical solutions to ongoing challenges caused,
for instance, by environmental changes and disease outbreaks.
Special focus is given to SSA’s untapped potential, including its
wealth of indigenous plants, agro–industrial waste streams, and
marine and freshwater resources as viable sources of FIs. The
primary goal is to demonstrate how strategies centered around
FIs can pave the way for a more resilient, competitive, and
environmentally responsible aquaculture industry in SSA and
across the continent.

2 | Feed and Feed Ingredients Issues in SSA

Feed and feed ingredients remain among the most critical bottle-
necks hindering the sustainable growth of the aquaculture sector
in SSA. Feed accounts for approximately 60%–75% of the total
production cost, making it the single largest expenditure for fish
farmers [24, 39, 40]. The high cost, coupled with unpredictability
in the continuous accessibility of the formulated feeds and qual-
ity feed ingredients, significantly limits both the expansion and
sustainability of the sector.

In response to the demand, numerous African distributors and
aquafeed manufacturers have emerged in the region, directly
importing branded formulated feeds. For instance, about
1,651,146MT of feeds were imported in 2016 for African catfish
and tilapia by Nigeria and Egypt, respectively [41]. However, the
fluctuation in the exchange rate and rigid import procedures
adversely affect these imports, contributing to the hindrance of
aquaculture growth in SSA. Notably, are the scarcity and increase
in price of feed ingredients and feeds resulting from the worldwide
economic conflicts especially in Europe and Middle East [42]. In
Ghana, the cost of imported fish feed is heavily influenced by
transportation cost, taxes, and import duties, which in total
accounts for about 80% of the price of feed [43]. Similarly, Nigeria
relies on imported aquafeeds for about 95% of its supply, with over
70% of feed expenses attributed to these same factors [44]. It was
reported that over 84% of fish farmers in Benin Republic rely solely
on imported ingredients and feeds for their production [45]. In
Egypt, Abdel-Hay et al. [46] reported that feed accounts for
approximately 85% of total fish production costs, largely due to
high price of imported ingredients. Also, the over reliance on
imported feeds due to limited domestic feed production, lack of
strong investment incentives, and minimal government support

was reported as major challenges of the aquaculture sector in
Uganda [47].

This feed mill related drawback cut across other parts of SSA, hin-
dering the establishment and sustainability of large-scale feedmills.
For instance, Nigeria has the highest number of fish feed mills in
SSA, with mainly small-scale producers. Unfortunately, an hourly
production capacity of between 0.5 and 3 tons, accounting for
around 60% of the fish feed produced locally [48]. Annually,
over 47,750 metric tons of fish feed are produced in Nigeria,
but meet only 12% of the total demand [49]. This significant
shortfall forces fish farmers to rely on imports. Zambia also
experiences the shortfall in fish feed despite having eight estab-
lished feed mills producing over 30,000 metric tons annually.
Which is less than the expected yearly production capacity of
over 105,000 metric tons, due to the high cost of importing
ingredients such as fish meal [50].

Some feed millers in the SSA region have been formulating feeds
using a mix of a few locally available ingredients and imported
key ingredients, such as fish meal, fish oil, maize, soyabean,
groundnut, and wheat [45, 51]. However, this reliance on imports
causes significant economic and environmental challenges. Fish
meal and fish oil, regarded as staple components in aquafeed, are
not only expensive but also pose sustainability concerns, as their
production depends on overexploited wild fish stocks, leading to
ecological imbalances in marine ecosystems (Table 3) [52, 53]. At
the same time, climate change and global competition for crops
such as maize, soybean, wheat, and groundnut have further con-
strained the availability and affordability of these ingredients
across the region. The dependence on these imported ingredients
exposes local producers to volatile international market prices
and high transportation costs, inflating production expenses.
These scenarios make it difficult for aquaculture farmers, partic-
ularly those run by small- and medium-scale farmers, to remain
profitable and competitive. This dependency also heightens the
sector’s vulnerability to global supply chain disruptions, making
long-term growth and sustainability uncertain.

To address the surge in the demand for commercial fish feed, fish
farmers and aquafeed companies are resorting to a DIY approach,
becoming on-farm local feed producers, developing feed using
locally available ingredients [4, 45, 47]. This strategy is driven by
the goal of reducing production costs and improving local accessi-
bility for fish farmers. For instance, several feed industries in
Nigeria, Kenya, Malawi, Zambia, Ghana, Cameroon, and Uganda

TABLE 3 | Status report on the primary small pelagic (clupeids) populations in some SSA countries as of 2021.

Stock Status Recommendation

Bonga fish (Ethmalosa fimbriata) (Congo, Gabon,
and Democratic Republic of the Congo)

Overexploited Reduction of effort and catch down below previous
harvested levels is necessary to provide an opportunity for
stock repopulation that can guarantee sustainability

Sardinellas (Sardinella aurita, S. maderensis) (Côte
d’Ivoire, Congo, Ghana, Togo, Liberia, Guinea
Bissau, Guinea, Sierra Leone, and Benin)

Overexploited Reduce fishing activity and harvest in all of the regions
immediately and significantly (a 50% reduction is

necessary)

Sardine (Sardina pilchardus) Nearly
overexploited

Due to the fluctuation in the species population in
response to hydro climatic changes, prudence and a catch

restriction under careful observation are necessary

Note: Source: Thiao and Bunting [52].

8 of 31 Aquaculture Nutrition, 2026

 anu, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/anu/9937988 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [17/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



are now producing branded local fish feed [4, 54]. However, the
local feed production sector remains unviable due to the produc-
tion of substandard fish feed, for instance, rough pellets, an imbal-
anced nutrient profile, and poor digestibility. These deficiencies
stem from a mix of structural and operational constraints like
unreliable supply of electricity, lack of modern processing and
packaging technologies, deficient transport and storage facilities,
outdated formulation methods, non-species-specific formulations,
and use of poor-quality ingredients to cut costs [55].

In Tanzania, for instance, imported commercial fish feeds have
reached prices exceeding $1.51/kg of feed, causing a further
increase in production cost and a decrease in profit margin [56].
Local feed mills are few and limited in output, with only about 10
mills producing about 323 tons per year. This has led fish farmers
to produce their own farm-made feeds (about 400–1000 kg per
day), often with little scientific backing [56]. In Uganda, the pro-
duction capacity of the 12 established mills is insufficient to meet
the feed demand. These mills have reported a maximum weekly
production capacity of approximately 5 tons since 2019 [52]. Con-
sequently, the persistent challenges include high feed costs and
compromised feed quality. Additionally, poor quality feed devel-
oped using locally available ingredients, many of which are not
well studied for their nutritional properties, has led to the poor
performance and poor health of the farmed animals. The effects of
climate change such as fluctuating water temperatures and poor
water quality have also led to increased susceptibility of cultured
fish to disease outbreaks [57]. Owing to this, farmers often resort
to the use of imported chemotherapeutic agents and antibiotics to
manage disease incidences. However, the indiscriminate and fre-
quent application of these substances has raised significant envi-
ronmental and public health concerns, including the development
of antimicrobial resistance, contamination of aquatic ecosystems,
and accumulation of chemical residues in fish products [35, 57].

To address the challenges posed by poor-quality feeds, limited feed
ingredients, and frequent disease outbreaks, fish farmers in the
SSA region have adopted numerous innovative and adaptive pro-
duction methods and feeding strategies. One common approach
involves the use of readily available domestic byproducts, such as
viscera, feathers, and blood meal sourced from abattoirs. These
ingredients are processed and incorporated into farm-made feeds
as cost-effective protein sources to replace or supplement expen-
sive fish meal and imported feeds [55, 56]. However, these prac-
tices are predominantly carried out by small-scale fish farmers,
who operate under resource-limited conditions and rely heavily
on locally available feed ingredients and traditional processing
methods [58]. While such innovations demonstrate the adaptabil-
ity and resilience of local farmers, they have not yet been upscaled
to meet commercial aquaculture demands. The feeds produced
often vary in quality and nutrient composition due to inconsistent
ingredient sourcing, lack of standardized processing, and limited
access to technical expertise or feed formulation technologies [55,
58]. It is, however, important to mention that the low level of
industrialization and limited investment in feed manufacturing
companies across SSA limit the transition from semi-intensive
operations to commercially competitive aquafeed systems [52].
Consequently, most smallholder farmers continue to depend on
elementary feed production techniques that are insufficient to
support large-scale operations or ensure optimal fish growth
and health. Strengthening research-extension linkages,

promoting public–private partnerships, and introducing afford-
able feed technologies could, therefore, play a pivotal role in bridg-
ing the gap between small-scale innovation and commercial feed
production, thereby enhancing the sustainability and productivity
of the aquaculture sector in the region.

Alongside these efforts, there is increasing interest in integrating
locally available FIs, such as Moringa oleifera, garlic (Allium sati-
vum), and ginger, into fish feed formulations [24, 39, 45, 59–63].
SSA is particularly rich in such functional resources due to its vast
biodiversity and abundance of indigenous plants and
agro–industrial by-products with demonstrated bioactive andnutri-
tional potential [57, 64]. These natural FIs complement the nutri-
tional value of unconventional protein sources like blood meal and
feather meal and also enhance fish immunity, disease resistance,
and growth performance through their antimicrobial, antioxidant,
and immunostimulant properties [65, 66]. However, despite the
region’s rich resource base, evidence remains fragmented across
each FI and its usage in farming systems, with wide variability in
nutritional and phytogenic profiles, optimal inclusion levels, eco-
logical footprint, and cost-effectiveness. As a result, there remains a
need for more systematic and revisit studies to identify, character-
ize, and optimize the use of these FIs in aquafeeds. Such a study
could play a key role in promoting sustainable, health-enhancing,
and cost-effective aquaculture practices across SSA.

In the following section 3, we revisit and synthesize the available
literature to provide an overview of FIs from plant and microbial
sources, outline best-practice inclusion strategies alongside con-
ventional ingredients, discuss the ecological and economic
aspects of using FIs, and propose research and policy priorities
to accelerate their responsible usage.

3 | FIs

FIs are sources of essential micronutrients, such as minerals, vita-
mins, and unsaturated fatty acids, as well as key macronutrients,
including proteins and vital amino acids, needed for optimal fish
growth and health. FIs are from different sources, such as insects,
animals, plants, and microbes. However, research shows that
those of plants and microbial origins are mostly explored
[67–69]. These plants and their parts, that is, leaves, seeds, roots,
or bark, each possess a unique composition of bioactive com-
pounds with diverse physiological and health-promoting proper-
ties (Table 4) [32, 71–73]. Although their protein and energy levels
are lower than those of conventional fish meal, soybean, and corn
meal, their incorporation in the aquafeed can supply some dietary
nutrients. In addition to providing essential macronutrients,
numerous studies have shown that the bioactive compounds pres-
ent in the plant-derived FIs can have a positive impact on protein
synthesis, metabolic activities, and enzyme activity, thereby pro-
moting effective nutrient digestion and absorption (Table 5). They
not only enhance growth performance and overall fish health but
also improve flesh composition and meat quality, which are
important attributes for consumer acceptance andmarket compet-
itiveness (Figure 4) [29, 32, 73, 131–137].

Microbial sources, such as Nannochloropsis oculata, yeast, Iso-
chrysis sp., and Schizochytrium sp., and beneficial bacteria, offer
rich potential as FIs for fish diets. These ingredients combine
high nutritional components (e.g., high EPA, docosahexaenoic

Aquaculture Nutrition, 2026 9 of 31
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TABLE 4 | Bioactive components of FIs and their biological functions in fish.

S/N
Bioactive components

(phytochemicals) Biological functions

1 Alkaloids Nitrogen-rich compounds are present in a variety of plants. Certain alkaloids, including
theobromine and caffeine, can stimulate fish, altering their metabolic activities and behavior

2 Glycosides Contains a combination of non-sugar and sugar molecules. Certain glycosides, including cardiac
glycosides, can change the heart rate and contractility of fish, which can have an impact on the

cardiovascular system

3 Saponins Glycosides with qualities akin to detergents are called saponins. They can combine with cholesterol
in fish cell walls to generate compounds that promote permeability of the membrane. Additionally

immuno-modulating, saponins may improve fish immune response

4 Phenolics Plants contain a large number of phenolic chemicals, including phenolic and flavonoid acids,
known to possess antioxidant qualities. These substances can neutralize free radicals and shield

cells in fish from the effects of oxidative stress

5 Organic acids Fish use organic acids, such as malic and citric acids, in a variety of metabolic activities. They can
control pH, improve the absorption of nutrients, and function as antimicrobials

6 Terpenoids Carotenoids, steroids, and essential oils are among the many different types of chemicals known as
terpenoids. Certain fish species exhibit vivid colors because of the presence of carotenoids like
astaxanthin. They contain immune-boosting qualities and function as antioxidants as well

7 Tannins Polyphenolic substances with astringent qualities are called tannins. They can attach to proteins
and create complexes that may have an impact on fish nutrition absorption and digestion

Note: Source: Adapted from Sepehrfar et al. [70].

Robust fish

Balanced nutrient
optimized pellet quality

Improved feed intake
and utilization; FCR

Improved gut health

Improved flesh quality
optimized Lc-PUFA

Boost immunity
increase stress tolerance capacity

Plant origin Microbial origin

Fillets

Immunostimulant

Growth of beneficial
microbiota

Stress tolerance level

Increase product
quality

Increased disease resistivity
and health welfare

Increased acceptability
boost digestibility

Reduced
feed lost

Improved water quality
feed management

Improve growth performance

Reduced ecological footprint Cost-effective and profitable

Sustainable aquaculture

Better digestion and
metabolic activities

Preferred by farmers
and consumers

Minimize
water

pollution

Functional feed

FIGURE 4 | Sources and multifunctional dimensions of FIs. Feed quality-related; fish quality-related; general advantages (bold font).
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acid (DHA), protein, essential amino acids (methionine and
lysine), lipids, and mineral content) with functional bioactive
compounds (e.g., β-glucans, mannans, and antimicrobial pep-
tides). Such characteristics make them valuable alternatives to
fish meal and fish oil, as well as unsustainable chemotherapeu-
tics, helping to reduce Africa´s dependence on imported and
often costly conventional ingredients and chemotherapeutic
components that may modulate fish health, improving perfor-
mance [115, 138–140]. Locally produced microbial biomass, espe-
cially on organic waste streams, could significantly lower
production costs, support small-scale aquafeed enterprises and
circular bioeconomy initiatives, thereby promoting environmen-
tally responsible and economically viable aquaculture. The
growth- and health-promotion effects of microbial-based ingre-
dients have been reported in several aquaculture species, includ-
ing tilapia and African catfish, which are widely farmed in SSA.
For instance, feeding African catfish a diet containing 5% dried
yeast as a partial fish meal replacement resulted in an increased
modulation of the intestinal microbiota [115]. Similarly, in Nile
tilapia, a 4 g/kg replacement of fish meal with a combination of
the yeast Saccharomyces cerevisiae in the diets of the fish led to
significant improvement of gut health matrix [139]. Beyond those
examples, numerous studies have also reported improved growth
performance feed efficiency and gut health in species, such as
C. gariepinus, O. niloticus, andM. rosenbergii, when fed with diets
containing various inclusion levels of yeast species (e.g., Wicker-
hamomyces anomalus, Kluyveromyces marxianus, Saccharomyces
cerevisiae, Blastobotrys adeninivorans, and Cyberlindnera jadinii)
as partial replacements for fish meal and/or fish oil [141–148]
(Table 5).

Numerous findings suggest that the FIs from plants and microbes
have a strong potential for regional adaptation and application.
They are readily available in significant quantities throughout
the year in SSA. Most of the plants are extensively used as vege-
tables, spices, and herbs in human and livestock nutrition, mak-
ing them culturally acceptable and logistically feasible as
ingredients for use in fish feeds [32]. Also, the Africa’s warm
climate and abundance of agricultural and agro–industrial by-
products provide favorable conditions and substrates for micro-
bial cultivation, offering an affordable and sustainable avenue for
large-scale production of microbial ingredients. By integrating
plant and microbial-based ingredients into fish feeds, African
aquaculture can improve productivity, fish welfare, and environ-
mental sustainability while enhancing food security and liveli-
hoods across the SSA region and beyond.

Although the potentials of FIs have been reported in numerous
studies, some studies have also reported negative effects resulting
from FIs, especially those of plant origin. Notably, reduced growth
performance has been observed when these ingredients are used as
total replacements for fish meal. For instance,Moringa oleifera leaf
meal at over 50% replacement in Clarias gariepinus diets [149].
However, a partial replacement has shown substantial beneficial
effects in terms of improved growth and health. Such a reduction in
the inclusion levels can significantly lower feed costs and reduce
dependency on imported ingredients without compromising nutri-
tional quality. Table 5 presents the optimum inclusion levels of FIs
of plant and microbial origins used as substitutes for conventional
ingredients or additives recorded for the two commonly cultured
species in SSA, O. niloticus and C. gariepinus.

Beyond growth promotion, these FIs also offer prophylactic and
therapeutic benefits that are increasingly recognized as essential
for a resilient farming system. These ingredients exhibit antibacte-
rial, antioxidant, antifungal, anti-inflammatory, and antiviral prop-
erties, contributing to enhanced immune function and overall
physiological resilience in fish [150]. Several studies have reported
the immune-boosting potential of many of these ingredients
(Table 6), which strengthen fish resilience to environmental stres-
sors and pathogens [151, 155, 156, 175, 179]. Such properties not
only reduce disease outbreaks but also minimize the reliance on
synthetic antibiotics, thereby addressing environmental and public
health concerns associated with antimicrobial resistance [37].

Importantly, several of these ingredients, such as those of plant
origin, also influence reproductive performance, improving
gonadal development, hormone regulation, and gamete quality
in key aquaculture species, including C. gariepinus and O. niloti-
cus [187–189]. The reproductive performance and organs of
C. gariepinus have shown improvement when certain FIs are
included in their diets. For example, dietary inclusion of
200mg/kg ginseng extract in the diets of C. gariepinus acceler-
ated sexual development, a substantial rise in sperm quality,
improved spermatozoa ultrastructure, gonadal–somatic index,
and increased serum follicle-stimulating hormone levels [135].
Additionally, Croton zambesicus (rushfoil) and Sesamum indi-
cum (sesame) seed powder at 100mg/kg were found to enhance
the egg production capability of female C. gariepinus [187]. While
dietary supplementation of Garcinia kola at 100 g/kg enhanced
sperm viability and quality in males [190]. Inclusion of Desmo-
dium adscendens leaf meal at low levels (0.015 g in females and
0.02 g in males) resulted in improved gonadal-somatic indices,
ovary size, and milt quality [188]. In O. niloticus, 2% inclusion
of Allium sativum (garlic) improved sperm and egg quality [191],
and supplementation with Tribulus terrestris extract (750mg/kg)
significantly enhanced reproductive performance [192].

Although the effectiveness of these plant-based FIs on fish fertil-
ity improvement has been established; however, the molecular
mechanism behind this remains insufficiently known. Most bio-
active substances found in these ingredients have been reported
to boost fish fertility by neutralizing free radicals, promoting
detoxification, and lowering oxidative stress in fish [70]. How-
ever, it is important to note that certain androgenic components
in these ingredients also interfere with reproduction and reduce
the spawning rate by altering the sex gametes. For instance,
phytoandrogens; dehydroepiandrosterone, androstenedione,
and testosterone have been reported to modify the reproductive
gametes and performance of certain fish species [189]. These
components have, in some instances, been effectively applied
to control prolific breeding in Nile tilapia and other related spe-
cies. Additionally, the phytochemicals such as tannins, steroids,
alkaloids, flavonoids, and saponins, have been found to inhibit
the actions of enzymes necessary for the synthesis of estrogen
and testosterone [189], providing potential for targeted control of
reproduction. A wide array of these ingredients, includingM. olei-
fera, Mangifera indica (mango), Azadirachta indica (neem leaves
extract), Gossypium herbaceum (cotton), Psidium guajava
(guava), C. papaya (pawpaw), T. foenum graecum, Pinus spp.
(pine trees), and A. vera have been tested for such functions
with promising results [193, 194].
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Furthermore, research has shown that these plant-based FIs con-
fer antioxidative protection against stress-induced lipid peroxida-
tion, a common consequence of intensive aquaculture and
environmental stressors [195–202]. Notably, Ismail et al. [203]
reported high resistance to microplastic-induced stress in O. nilo-
ticus fed diets with Amphora coffeaeformis additive at 1%–7.5%
dietary inclusion levels. Also, O. niloticus fed diets with 2mL/kg
of Panax ginseng extract as a supplement showed high resistance
against stress caused by exposure to 1/5 of lethal atrazine [204].
The increased resistance to chlorpyrifos by C. gariepinus was
reported to be influenced by the dietary inclusion of C. papaya
in the feeds at 0.25 L/kg of body weight [205].

Collectively, these findings underscore the marked potential of
FIs to sustain aquaculture in SSA through offering a holistic
approach to improving fish health and productivity. However,
to fully harness their potentials, there is a pressing need for
comprehensive mechanistic, nutritional, and long-term field
studies that define optimal inclusion levels, evaluate species-
specific responses, and explore synergistic interactions among
different FIs. Strengthening research and innovation in this
area will provide the scientific foundation necessary to support
the large-scale adoption of FIs as core components of sustainable
aquaculture feed systems across the SSA region.

It is noteworthy to mention that the well-studied FIs are not
limited to plant and microbial origins; some are also of animal
and insect origins. The animal- and insect-based FIs are currently
being investigated by various research groups for their potential
applications, ranging from growth promotion to immunostimu-
lation [125, 130, 181–183]. The animal-based FIs include blood
meal and feather meal, while insect-based ones include black
soldier fly larval, African palm weevil larvae, cricket, mealworm,
and earthworm meals. Yet, from both ecological footprint and
cost-benefit aspects, plant- and microbial-derived ingredients
have, however, been recommended in the literatures. Future
translational research is needed to upscale the local production
of FIs from microbial sources using regionally available
resources, such as agro–industrial and household waste streams.
This includes optimizing fermentation and bioprocessing tech-
nologies suitable for small- and medium-scale enterprises.

4 | Life Cycle Assessment (LCA) and Cost–Benefit
Analysis (CBA) of FIs

Assessing the ecological footprint and cost implications of func-
tional feed production using FIs is essential for ensuring the
sustainability of aquaculture systems in SSA. LCA and CBA are
the most effective tools to evaluate the carbon footprint and cost
implications of feed production [206, 207].

4.1 | LCA

LCA provide insights into resource utilization, for example, for
novel ingredients/feed production and quantifies impacts, such
as greenhouse gas emissions, eutrophication, loss of biodiversity,
and other adverse environmental effects [208]. Some studies have
compared the environmental impacts of feeds formulated using
FIs (either as a partial or total replacement for conventional
ingredients) with those of traditional fish meal or fish oil–based
diets (Figure 5). These FIs include micro- and macroalgae, bloodT
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meal, feather meal, insect meal, and agricultural byproducts [15,
211–213]. For instance, McKuin et al. [214] evaluated the LCA of
various FIs–based feeds against conventional fish-based feed
using ecological indices, such as environmental toxicity, global
warming, and eutrophication. Their results showed that the eco-
logical footprint of fish-based feeds was higher by over 50%.
Furthermore, it was established that among the FIs–based feed,
blood meal–based feed had a relatively more negative impact on
the environment. In another study, Bartek et al. [215] compared
the amount of DHA emitted from using two different types of
feed ingredients, namely, fish meal and algae. It was found that
algal-based feeds generated lower emissions per tonnage of DHA
produced. In fact, over 20MWh of lower energy in the form of
heat was needed for algal-based feed when compared with that of
the fish-based feed. Furthermore, the fish-based feed had a
greater impact on water use and terrestrial ozone generation,
exceeding five and 20 times, respectively, compared to that of
algae-based. Similarly, Deprá et al. [216] evaluated the environ-
mental impact of different algae species, including C. cohnii cul-
tivated using glucose as a carbon source, to determine indicators
of acidification, eutrophication, global warming, and land use.
Their results revealed that fish-based feeds had a high environ-
mental impact (178 ton CO2 eq, 0.9 ton SO2 eq, 0.3 ton PO4 eq,
and 900m2 land per ton of DHA). In a similar study, Bartek et al.
[215] reported lower values (60 ton CO2 eq, 3.6 ton SO2 eq, 0.02
ton PO4eq, and 3000m2 of land per ton of DHA) for fish-based
diets. However, the values were still considerably higher than
those of algal-based feeds. This discrepancy in the values among
the studies could be attributed to the variation in the
methodology.

When comparing cultivation and extraction methods, McKuin
et al. [208] demonstrated that the microalgae cultivation stage
has the greatest overall environmental impact in the LCA of
amino acid extraction from defatted Nannochloropsis and fish
meal. The key ecological hot spots were the use of urea and

pure liquid carbon dioxide; and the manufacturing processes
that included was the solvent-based oil extraction methods.
Although the processes involved in defatting Nannochloropsis
to extract amino acids had considerably lower ecological impacts
than that of fish meal from a small pelagic fish bio-refinery.
Factors like land use, biotic resources, global warming potential,
water use, and eutrophication were identified as major concerns
for marine microalgae systems. In another comparative study on
the LCA of various non-fish-based and fish-based feeds, Gham-
khar and Hicks [211] found that fish-based feeds exerted stronger
negative ecological impacts compared to those of plant and
microbial origins. Further evaluation showed that plant-based
ingredients contributed the least ecological burdens. Hence, for-
mulating feeds without fish-based ingredients (fish meal and fish
oil) will help to reduce drastically the reliance on biotic resources
and improve environmental sustainability. Similarly,Maiolo et al.
[217] reported that the energy demand per unit of product for
fish-based feed was high resulting in severe ecological impacts.
However, insect-based feeds required far less energy, even after
accounting for energy and human labor inputs during the pro-
duction processes of insect-based feed.

Although fish-based feeds are associated with higher environ-
mental footprints, it is noteworthy that the global fishery sector
accounts for only 3% of the total carbon footprint, despite repre-
senting approximately 15% of the world’s fish biomass [218,
219]). A major part of these emissions arises from harvesting
and freezing processes. However, even with a relatively small
carbon footprint, fisheries still exert pressure on biotic resources
and ecosystems [220]. For example, nearly 5million tons of fish
are harvested annually, but the overall impact on biodiversity
remains modest when compared to agricultural practices, even
with the inclusion of massive fishing methods, such as trawling,
considering purse seine fishing techniques are employed [221].

Using locally sourced FIs can further reduce the carbon footprints
in aquafeed production. By minimizing transportation and GHG
emissions, locally produced plant- and microbial-based ingredi-
ents can markedly contribute to enhancing both economic and
environmental sustainability [222, 223]. Additionally, consumers
are also increasingly favoring environmentally friendly products,
which can enable farmers ensure profitability and sustained live-
lihood. Moreover, locally sourced ingredients tend to be fresher
and better controlled in quality [224, 225]. This reduces the risk of
spoilage and contamination that occur during long-distance trans-
portation, resulting in higher-quality feed, healthier fish, lower
mortality rates, and greater overall production efficiency. Ulti-
mately, localizing FIs production is both environmentally and
economically advantageous, contributing to a more sustainable
future for aquaculture.

4.2 | CBA

Considering the economic advantages of FIs, numerous studies
have shown that they can significantly improve growth perfor-
mance and feed efficiency in a range of aquaculture species
[226–230]. These improvements resulted in higher yields and
lower feed costs per unit of biomass produced [207], providing
a clear economic advantage. A meta-analysis by Glencross et al.
[231] revealed that replacing fish meal with plant- or microbial-
proteins reduced feed costs by 15%–30% when inclusion levels

GHG emissions (thousand tons of CO2E)

Cyprinids and other freshwater fish

African catfish
Tilapias

34%

51%

15%

FIGURE 5 | GHG emissions from the production of some common

species in SSA between 1970 and 2020 (extracted from Kaleem and Bio

Singou Sabi [24], Jang and Yamazaki [209], and MacLeod et al. [210]).
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remained below 40%. Larsen et al. [232] reported a 15% cut down
on production cost using microbial-based protein source in place
of fish meal, translating to a saving of about US$0.30 per kg of
fish produced. In Saudi Arabia, feed devoid of animal-based
ingredients used in the production of O. niloticus recorded opti-
mum growth performance and survivability, consequently a cut
down in production cost by about US$2.03 per kg [233]. In that
study, the cost to produce 1 kg of fish dropped from US$3.13 in
the control diet to US$2.02 with 20% replacement. Similarly,
Pangasius fed DIY formulated diets using agricultural byproducts
(palm kernel nut, rice bran, and tufo dregs) performed optimally
compared to those fed control diet. This impacted positively on
the production cost with a reduction of over 50% (from US$0.62
to US$0.30) [234]. A similar outcome was observed when repla-
cing 85% of fish meal with fermented copra meal, which reduced
production cost by US$0.25 per kg [235]. However, higher
replacement levels (above 50%) have been associated with
reduced growth performance and feed conversion efficiency,
potentially offsetting cost benefits.

In some SSA countries, such as Rwanda, Uganda, Kenya, and
Tanzania, large-scale replacement of fish meal with plant- or
microbial-based ingredients remains limited. However, several
studies highlight the cost implications of relying solely on fish
meal. In 2023, fish meal prices have risen from about US$850 to
US$1287 per mt [47], while in East African countries, the cost
rose from US$800 to about US$1350 per mt within a year. Similar
trends were observed in Bangladesh, where fish meal price
increased by 15% within a year reaching $983.64 per ton [236].
Adoption of FIs has already shown promising results elsewhere.
For instance, large-scale aquafeed production using microbial-
based protein (100,000 tons annually) demonstrated high poten-
tial to replace fish meal and soyabean meal. Less than US$1000
was spent to produce over a ton which was far more cost-effective
compared to fish meal and soybean meal-based feeds [237]. Also,
the use of microbes recorded some level of success in the cost of
feed production, scalability, and acceptability. A significant
improvement in growth performance and health status was
recorded in Nile tilapia and African catfish when fed diets with
dietary inclusion of microbial ingredients in a study by Anany
et al. [238] and Ogbuagu et al. [239]. This confirms the potential
of microbial-based ingredients in feed cost reduction without
compromising the well-being of the cultured fish. The plant-
based feed market is also expanding, with projections for the
European market showing an increase from 3.6% in 2023 to
over 13.4% in 2033 [240]. In Norway, a contrary finding was
reported as the production costs of microalgae-derived feeds
was relatively high, estimated at US$17.49 per kg of dry matter.
It was still below the cost of fish-based feeds. For cost effective-
ness, an optimal production cost of about US$4.37 per kg of dry
matter has been proposed. Incorporating decomposed feather
meal as a replacement for fish meal in fish feed resulted in
over 75% cut down on feed production cost; from US$1.10 to
US$0.30 per kg [241]. On a large-scale basis, microbial- and
plant-based fish feeds were estimated to cost around US$800
per metric ton, compared to US$1800 for fish meal–based feeds
Jones et al. [242]. Furthermore, microbial-based FIs were more
cost-effective due to optimum digestibility which results in initial
growth rate.

The cost benefits of FIs of plant and microbial origins have been
looked at from fish growth performance, feed conversion ratio,
and feed production. However, the benefit is further amplified by
their health-related benefits. Extracts derived from microbial-
and plant-based ingredients have been shown to improve
immune responses and gut health in fish [137, 243]. InO. niloticus
production, Hossain et al. [137] recorded a significant reduction
in the chemotherapeutic costs from US$2.21 to US$2.04 per kg.
Similarly, a Brazilian fish farmers reported a US$60.0 reduction
in chemotherapeutic expenses and US$0.56 less per kg in feed
costs when using FIs for feed formulation [137]. These findings
imply how FIs can lessen dependence on synthetic antibiotics,
improves food safety, and mitigate antibiotic resistance while
lowering the cost of disease management. Since disease control
and mortality rate has a direct impact on farm profitability, these
benefits strengthen the economic rationale for the quest of novel
FIs and their adoption in aquafeed formulation. By improving
feed efficiency and increase resilience, these feeds align with
consumer demand for healthier and antibiotic-free seafood pro-
ducts. This potentially opens up new market opportunities,
allowing producers to command premium prices for their pro-
ducts [244].

It is, however, important to highlight that not all reports docu-
mented the cost-effectiveness of FIs. For instance, a study carried
out on O. niloticus using a certain microbial additive, such as the
yeast S. cerevisiae as synbiotics or probiotics was found to be less
cost-effective, primarily due to the high purchase cost of the yeast
and complex processing requirements [245]. Nonetheless, the
long-term advantages such as increased growth, increased feed
efficiency, and decreased disease-related losses might outweigh
these initial costs. Furthermore, economies of scale and improve-
ments in production technologies are likely to drive down costs
as the adoption rate grows, opening for a wider range of feed and
feed additive producers.

In addition to the earlier mentioned advantages, local production
minimizes long-distance shipping and transportation costs by
eliminating fuel costs, logistics, handling, and potential tariffs
or import duties associated with importing materials from other
regions or countries [246]. The use of locally sourced FIs helps to
simplify the supply chain, leading to a more predictable and
stable supply. This also minimizes the risk of supply disruptions
encountered in international shipments, thereby ensuring con-
sistent production schedules and lower costs associated with
delays or sudden shortages [247, 248]. It also supports local econ-
omies by creating a positive feedback loop, as fish farmers and
suppliers can improve operations and reduce prices. This eco-
nomic boost also leads to the development of better infrastruc-
ture and further cost reductions [249]. In addition, exploring
these locally sourced FIs encourages the production of more
tailored feed to meet the specific nutritional and health needs
of cultured fish species [250–252] (Figure 6). While the eco-
nomic benefits of these ingredients are increasingly evident, a
drawback lies in scaling up production to meet industrial
demand in the SSA region and beyond. Achieving consistent
and large-scale output will require investment in infrastructure,
technological innovation, and coordinated research–indus-
try–farmer partnerships to ensure sustainable and cost-effective
feed production.
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5 | Limitations in the Use of Locally Sourced FIs as
Alternative Feed Ingredients

Plants and microbes with functional potentials have been identi-
fied as promising and sustainable alternatives to conventional
feed ingredients in aquaculture. However, some limitations,
especially those associated with their effects on the growth per-
formance and nutrient utilization, have been reported. For
instance, a study had shown that if microbial protein (e.g., yeast
and fungal proteins) in the diet exceeds 30% inclusion level, it can
negatively affect the growth of the fish [253]. In addition, various
studies have reported that these feeds may lack certain essential
nutrients required for optimal fish health and performance [136,
254–257]. While plant-based FIs contain proteins, carbohydrates,
vitamins, and minerals, but they are deficient in some of the
nutrients such as vitamin C and E required by fish [137, 254].
Furthermore, a major point of discussion in aquaculture nutri-
tion research is the appropriate level of replacement of fish meal
with plant or microbial sources. Many researchers highlight the
presence of antinutritional factors (ANFs), including alkaloids,
phenol, tannin, saponin, and lignin, as a critical constraint
[258–262]. The concentration of these components varies with
plant type and age and can impede the active digestion process
and the utilization of the available nutrients in the feed [261,
262]. Furthermore, the issue of high levels of protease inhibitors
in some plant-based FIs which include glucosinolates, allergens,
gossypol, phytoestrogens, tannins, saponins, antivitamins, lec-
tins, and phytoestrogens can also hinder fish growth and nutrient
availability [258, 259].

Although the different parts of plant such as the leaf, bark, root,
seed, flower, and stem have been considered as FIs, but the leaves
are the most utilized till date [263, 264]. However, high-fiber

content in leaf meals pose the issue of palatability, acceptability,
and digestibility, thereby adversely affecting the growth of the fish.
The use of feed attractants can help improve the palatability of
these plant-based FIs [265], although some of these ingredients
exhibit better palatability and are naturally more acceptable to fish
thaqn others [266]. Besides the growth performance, the health
status (like gut morphology and microbiota composition) of fish
can also be adversely affected by the ANFs contained in the leaves.
For instance, C. gariepinus fed diets with over 50% dietary inclu-
sion level of moringa leaf meal as a replacement for fish meal
exhibited alterations in the liver and intestine tissue structure
[149]. Supplementing feeds with exogenous enzymes such as xyla-
nase, β-glucanase, β-mannanase, and proteases can mitigate these
effects by improving digestibility and nutrient availability [267].
However, this increases feed production costs. The necessity and
cost-effectiveness of enzyme inclusion depend on the type and
proportion of ingredients replaced [137, 268–272].

Feed digestibility is further influenced by ingredient composi-
tion, processing methods, and digestive physiology of the fish.
Poor digestibility can not only reduce feed efficiency but also
contribute to nutrient waste and water quality deterioration.
Amer et al. [273] reported low digestibility levels in O. niloticus
fed diets with over 60% dietary inclusion level of protein
extracted from moringa as a replacement for fish meal. The
ANFs contained in plants such as moringa, neem, and aloe
vera, have been shown to increase with an increase in the die-
tary inclusion level of the ingredients [255], further hindering
the digestibility of the formulated feed. However, heat treat-
ments during grinding, extrusion, and enzyme supplementation
can degrade many ANFs, thereby improving digestibility
[274, 275].

Functional feed Optional; most ingredients
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Another limitation involves the complexity of feed formulation
using plant- or microbe-based FIs [256]. Ensuring nutritional
adequacy requires specialized knowledge of nutrient composi-
tion, processing techniques, and species-specific dietary require-
ments [276]. This poses a challenge for small-scale feed producers
in developing regions, often resulting in nutritionally imbalanced
feeds that impair fish growth and health [137]. Establishing stan-
dardized formulation protocols and monitoring systems for key
cultured species is, therefore, critical. It is, therefore, necessary to
make standard protocols for feed formulations for various cul-
tured species and monitoring policies to ensure these standards
are adhered to.

Diets produced using locally sourced FIs could reduce pressure
on wild stocks (e.g., clupeids in the SSA region) and minimize the
GHG emissions associated with animal-based diets. However,
overexploitation of these alternative ingredients could also intro-
duce new environmental risks. The over-dependence on certain
plant-based FIs may create unhealthy competition since they
serve as herbs to humans or encourage unsustainable agricul-
tural practices, such as the excess use of fertilizers and pesticides,
which contribute to environmental pollution, soil degradation,
and water resource depletion. Finally, research on the ecological
footprint and CBA of aquafeeds formulated with combined FIs
remains limited. Broader and more integrated LCA that include
indicators, such as biodiversity loss and energy use, are needed to
better examine sustainability [277, 278]. Comparative studies
between fish meal–based and FI–based diets should also assess
impacts on fish physiology, gut microbiota, and host–microbe
interactions, which remain poorly understood [208]. Further-
more, large-scale production of FI–based feeds may still depend
on fossil energy inputs, affecting their greenhouse gas emission
profiles [278]. Future research should, therefore, prioritize com-
prehensive LCA and technoeconomic assessments to optimize
both sustainability and scalability of locally sourced FIs.

6 | Strategies Towards Sustainable Adoption of FIs
as Alternative Feed Ingredients

The potential of the locally sourced FIs in SSA is enormous.
Accounting for over 10% of the world’s total number of identified
feed ingredients, points at its diversity and sustainability. Some
have been studied as a potential source of proteins, while others
as feed additives. Exploring them as alternatives to the high cost
and scarce conventional ingredients to produce novel FF is sig-
nificant towards achieving food security in SSA. Small-scale fish
farmers stand to profit, particularly as commercial diets, syn-
thetic hormones and chemotherapeutics are expensive and diffi-
cult to get. Their inclusion in the diets of cultured fish species can
therefore help reduce operational costs, especially due to impor-
tation of ingredients and limited resources. Furthermore, FIs and
FFs are associated with reduced ecological footprint.

Enhanced growth, reproduction performance, and reduced disease
incidence in numerous cultured fish species have been achieved
with the dietary inclusion of these FIs in some countries. This has
contributed to the increased desire for such to be adopted in SSA.
In rural Indonesia, over 46% of the fish farmers treated and
enhanced the disease resistance potential of cultured fish species
using FIs derived from plant and microbial origins [279]. Further-
more, it was also recorded that the ingredients were indigenous

hence readily available and accessible at a low cost. Similar prac-
tices and levels of success were reported for China, Vietnam, Ban-
gladesh, and India in studies carried out by some researchers
[280–286]. The relevance of indigenous ingredients in the profit-
ability and sustainability of fish farming is significant. Hence, can
provide cost-effective feed ingredients for protein and immunosti-
mulants in SSA. Formulation of FFs using FIs is not a complex
affair; it requires minimal technology and resources. Therefore,
feed producers and farmers only need to be informed about the
potential benefits and standard protocol concerning nutrient
requirements based on species and age. Such approaches will
allow the effective transition from conventional ingredients to
more sustainable and eco-friendly ingredients (FIs).

7 | Conclusion and Future Perspectives

The adoption of locally sourced FIs in fish feeds across SSA
remains limited, with most research confined to laboratory or
small-scale trials. The lack of translation of experimental findings
to commercial application continues to hinder progress. Neverthe-
less, incorporating FIs, particularly those derived from plants,
microbes, and/or agro–industrial by-products, in the aquafeed for-
mulation represents a viable solution for addressing the challenges
faced by small-scale fish farms in the region. These challenges, as
mentioned above, are the high cost of conventional feed, poor feed
quality, genetical issues, and recurrent disease outbreaks.
Increased efforts are needed to bridge the gap between research
findings and practical application, as many fish farmers and feed
producers are unaware of the potential of locally available FIs as
affordable and sustainable feed ingredients. Governments, aca-
demic institutions, and research institutes should, therefore, estab-
lish educational programs for small-scale fish farmers and feed
producers to promote the use of these ingredients in fish farming.
Initiatives such as farmer training, demonstration farms, and
extension programs can enhance understanding of FI use, feed
formulation, and handling practices.

Overtime, it has been established that high inclusion levels (above
50%) of certain FIs can negatively affect growth performance, feed
utilization, and fish health. This is often linked to ANFs, imbal-
anced amino acid profiles, or suboptimal digestibility. Conse-
quently, these ingredients should be applied at moderate
inclusion levels to improve resilience and physiological perfor-
mance without compromising growth. In conclusion, locally
sourced FIs hold potential to transform aquaculture in SSA by
reducing dependency on imported fish meal and fish oil, enhanc-
ing food and nutrition security, and supporting environmental
sustainability. However, realizing these benefits requires a bal-
anced approach combining technological innovation, institutional
support, and effective policy frameworks to ensure that the use of
FIs leads to economically viable, nutritionally adequate, and eco-
logically sound aquaculture systems across the African continent.
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