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Abstract

Fish remains unaffordable for communities in many parts of Sub-Saharan Africa where
malnutrition is common. High aquaculture production costs due to feed and labour prevent
the production of affordable fish. Substitution of commercial with farm-made feed can
lower production costs. In this study, on a small-scale Ugandan tilapia farm, commercial
feed was substituted with black soldier fly larvae (BSFL), grown using fruit and vegetable
waste. Data on the cost of establishing larvae production facilities, operating costs and
fish production were used to test the economic feasibility of substituting feed with BSFL
to produce affordable tilapia. We found that feed could successfully be substituted with
up to 66% BSFL with no effect on fish production. Economic analysis revealed that 55%
substitution was needed to produce tilapia at US$2.00/kg with a Feed Conversion Ratio of
2.4. Profitability improves if fish sales are supplemented with sales of frass (used substrate)
and any leftover BSFL. Substitution of feed with BSFL grown on local low-cost waste
materials provides a sustainable and circular approach to tackling food security in some of
the world’s poorest communities.

Keywords: aquaculture; food security; circular economy; insects; sustainable production;
economic feasibility

1. Introduction

The black soldier fly (Hermetia illucens) is a tropical to subtropical species of the order
Diptera found widely around the globe. It has gathered interest since the early part of the
millennium as a possible solution to provide protein-rich feed ingredients for animals,
including a wide range of livestock and companion species. It has been of particular
interest in the aquaculture industry [1,2], which has historically drawn much of its feed
supply from marine sources, such as anchoveta and other fishmeals [3,4]. Fishmeals (FMs)
are highly prized for their nutrient profiles and high digestibility [4,5], especially in diets
of high-value aquaculture species, such as salmon and shrimp [6,7] that are still largely
dependent on some inclusion of marine ingredients for optimum welfare and performance
in commercial settings [8]. However, marine ingredients are in short supply, owing to
the main fisheries contributing to marine ingredients already being fully exploited since
the 1990s [4,9]. Although there has been significant extra contribution from fishery and
aquaculture by-products, the capacity for growth at the required rate to maintain historic
inclusion levels is limited due to many factors [10].
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Farmed production of lower-value, freshwater fish species, which vastly outweighs
the volume of marine species and is of high importance for providing food security in
Lower-to-Middle-Income Countries (LMICs) [11], is often overlooked in discussions about
the need for alternative feed ingredients. Chinese and Indian carps form the top seven
species of cultured finfish in the world, followed by tilapia spp. [12]. Tilapia and carp are not
dependent on marine ingredients to the extent that carnivorous species are, and therefore
feeds typically have much lower inclusions of marine ingredients than salmon or shrimp
feeds. However, access to quality and competitively priced feed is a major constraint to
producing fish at prices that are affordable to the poorest people in LMICs. In Sub-Saharan
Africa, especially, there is a heavy reliance on imported feed and feed ingredients [13].
A key challenge is to develop models that can cut the cost of production. The common
semi-intensive production model relies on fertilisation to increase the natural productivity
of pond systems, along with supplementary feeding, usually a mix of agricultural by-
products, grains and some commercial feed. In many cases, farmers may produce their
own feed materials on the surrounding land, often making use of by-product and waste
resources, but often there is a trade-off between the cost of commercial feed and the cost of
labour to produce feed ingredients and other integrated activities [14]. To reduce costs, the
farmer must reduce the amount spent on feed and feed materials, or on labour to produce
their own farm-made feed materials.

Black soldier fly larvae (BSFL) are voracious feeders of organic material, includ-
ing decomposing animal and vegetable matter. They can, therefore, be used to convert
wasted and spoilt resources into usable protein for feeds [1,15]. In this respect, there
has been a lot of attention on replacing FM with BSFL meals in a variety of aquaculture
species [16,17], particularly salmon diets in Europe [18]. Many studies have shown good
results when partially replacing FM with BSFL meals in compound diets for a number
of species, including Atlantic salmon [19], rainbow trout [20], Nile tilapia [21] and oth-
ers [2]. However, the model for producing BSFL meals for formulated aquaculture diets is
challenged by several factors. The original concept of using BSFL as a feed was that they
could be grown on waste, but typical organic waste, e.g., from agriculture or municipal
sources, is inherently inconsistent in quality and quantity, which is reflected in BSFL fed on
such wastes, i.e., their nutritional profile changes according to what they are fed [2,22-24].
However, intensive aquaculture systems such as for salmon use precisely formulated diets
that require highly processed and consistent ingredients in quality and quantity [5,25]. This
means that consistent feedstocks must be used to produce consistent BSFL, and potentially
costly processing such as defatting of BSFL meals is often required to meet feed producer
expectations [26]. EU regulations, which currently cover Norwegian and Scottish salmon
production, consider BSFL to be farmed animals and therefore do not allow the use of what
is typically considered organic waste, such as manure, catering waste, animal mortalities,
etc. [27,28], as a feedstock for the larvae. Therefore, only “feed grade” substrates and by-
products (e.g., middlings, DDGS, etc.) can be used, potentially diverting them from direct
livestock feed applications [29]. The use of carefully selected and managed feedstocks,
together with high energy requirements to produce BSFL in temperate locations (where
salmon are grown) and further processing of larvae into meals of consistent quality and
quantity, means the production of suitable BSFL meals has often been considerably more
expensive than many of the competing ingredients on the market [26,30]. The current price
of defatted BSF meal in the global marketplace is approximately US$5000 [26,31] compared
to US$1600 for fishmeal [32]. BSFL meal is often touted as a “sustainable” replacement for
fishmeal, yet it is often much more expensive with much higher environmental impacts
than most fishmeals in life cycle assessments [4,33].
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Production of BSFL meal in Africa does not have the same regulatory constraints
and can be considerably cheaper than in Europe, but replacement of FM with cheaper
BSFL meals in tilapia diets does not necessarily equate to substantially cheaper feed, as FM
inclusions in tilapia feeds are typically low. This makes the European model of replacing
FM with BSFL meal in compound feed for aquaculture in LMICs unlikely to substantially
reduce costs. Some economic analyses have shown small economic gains from substituting
FM for BSFL meal in tilapia diets, such as Kariuki et al. (2024) [16]. However, Kariuki
et al (2024) [16] reported tilapia prices over US$5.00/kg, which is well above that which is
deemed affordable by poor communities in East Africa [34].

The semi-intensive model of fish production is of more interest in developing countries,
whereby farmers could reduce their costs by replacing feed directly with farm-produced
BSFL, rather than purchasing compound feed containing BSFL meal. Kals, et al. (2024) [35]
showed good profitability substituting chopped, dried BSFL directly for feed, but reported
the price of BSFL at over US$1.00/kg, which is not dissimilar to compound feed, along
with fish prices over US$5.00. In Kariuki et al. (2024) [16] and Kals et al. (2024) [35], the
improved profitability was due to improved fish yield compared to the control, which has
not been borne out by most nutrition studies [2]. In traditional semi-intensive aquaculture,
supplementary feed is either based on cheap agricultural by-products or produced by
the farmer themselves, and critically, the savings on commercial feed must be balanced
against the price of labour to produce feed materials. This is especially so if the price of
tilapia is to be affordable to poorer consumers. In this study, we aimed to demonstrate
the production of small tilapia (approximately 150 g—200 g) at US$2.00/kg at farm gate,
according to similar prices reported by Kaminski et al. (2024) [34], by reducing feed costs
without requiring excessive extra labour demand.

African and other tropical LMICs often have a problem with high rates of food spoilage
and subsequent waste management [36]. Waste could be converted quickly to usable
protein in the form of BSFL and used directly as live feed on-farm as a contribution to
other supplementary feeding along with fertilisation. Although BSFL quality could be
highly variable, this would be unlikely to be a major issue, as much of the nutrition in
semi-intensive systems comes from the natural productivity of the fertilised pond [37].
Potentially, by substituting out commercial feed for live, untreated BSFL, the overall
feeding cost could be reduced without substantially increasing labour associated with
feed production. However, overfeeding with BSFL could result in negative welfare and
performance issues, particularly protein digestibility due to elevated chitin content of
unprocessed BSFL, although this may be variable between species [17] and more likely an
issue with prepupae [38], which have higher chitin content than larvae [39,40]. While many
nutritional studies are positive, as above, and some do provide some economic feasibility
data, none explore the resilience of the model, considering variable costs and returns.

On-farm production of insect larvae for feeding fish is not a new concept, with studies
stretching back decades. The challenges concern the logistics of transport of large volumes
of low-value “waste”, the sale of various co-products, and the resilience of the system
to various economic and logistical changes [41]. In this study, we sought to investigate
different levels of replacement of commercial feed with farm-produced BSFL larvae in
a semi-intensive earthen-pond tilapia production system in Uganda and understand its
economic implications in different scenarios. We provide an integrated growth assessment,
complemented with primary economic data that we have modelled using comprehensive
sensitivity analysis to ascertain system viability beyond previous studies. The goal was
to ascertain whether production costs could be reduced without adversely affecting the
performance of production, i.e., the welfare, growth and other production parameters of
the fish. Ultimately, the aim was to see if fish could be sustainably and profitably produced
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and offered at an affordable price, accessible to poor communities in Sub-Saharan Africa,
in this case, Uganda. We did not seek to ascertain the nutritional performance of live BSFL
in fish diets, but to investigate how BSFL feeding strategies could provide a sustainable
and resilient production model for affordable fish nutrition. Therefore, only basic growth
performance data were collected along with production cost data to establish the economic
performance of the production strategy using various scenario analyses. The aim was to be
self-sufficient in BSFL production that would feed farmed fish and, in some cases, surplus
BSFL could be further utilised or sold for extra profit as detailed below. In all cases, there
are comparatively large volumes of frass (BSFL excreta mixed with uneaten substrate),
which could be sold or used on-farm as a fertiliser and soil amendment [15].

2. Methods
2.1. BSFL Production

A new BSFL production facility was established close to Rukungiri, Uganda, using
1 m? concrete bays in a wooden shed for larval rearing and a polytunnel system to breed the
adult flies (Figure 1). A colony was set up using locally purchased eggs. Breeding occurred
naturally within the polytunnel, and flies laid their eggs in cardboard strips situated near a
waste source. Fertilised eggs were collected daily from the cardboard for incubation. The
larvae were allowed to hatch into moist maize flour, which was then introduced to concrete
bays in the main larval growing area. The growing substrate was waste and spoilt fruit
and vegetables from a local market, which was collected daily, mashed using a hammer
mill, and then mixed. The mixed fruit and vegetable waste was stored in plastic drums
until it was needed. The substrate was put into the bays at approximately 30 cm depth.
The newly hatched larvae were introduced to a new bay every three days. The larvae were
managed on an informal basis, as would be expected in a subsistence or semi-commercial
operation. The substrate and larvae were turned at least twice per day to ensure aeration
and good mixing. If the substrate was considered to be too wet, rice husks were added
to improve the structure of the substrate to allow more aeration and to absorb moisture.
The temperature inside the growing facility was ambient, from 20 °C at night to 37 °C in
the warmest part of the day. Larvae were harvested after 14 to 20 days before reaching the

pre-pupae stage and used within the growth trial.

Figure 1. BSFL production facilities, Rukungiri, Uganda, showing concrete bays for ongrowing (left),
and the breeding polytunnel next to the ongrowing shed (right).
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2.2. Growth Trial

A growth trial was conducted in hapas (3 m by 2 m) placed in a standard fertilised
freshwater earthen pond used for commercial tilapia production close to the BSFL produc-
tion facility in Uganda. The water was 1.5 m deep as standard, and hapas were placed
1.5 m apart. Each hapa was stocked with 100 fish of average weight 40.2 g. All the fish
had been acclimated to the farm for two months and introduced to the trial pond two
days prior to stocking into hapas. There were four treatments in triplicate, and hapas were
allocated randomly as follows. Treatment 1: no feed (NF), Treatment 2: commercial feed
only (CF), Treatment 3: 33% replacement of commercial feed with live BSFL (33BSF), and
Treatment 4: 66% replacement of commercial feed with live BSFL (66BSF). All substitutions
of commercial feed with BSFL were made on a live weight BSFL basis. Feed provision was
calculated at 3.5% bodyweight per day, calculated from periodic weight measurements,
split equally between a morning and evening feed. Feed provision was calculated on a
weekly basis for each hapa accordingly, based initially on biomass measurements, with
all treatment groups weighed every three weeks, and an assumed 10% increase in feed
each week between sampling. The trial ended on day 105 post-stocking, at which all fish
individual weights and lengths were collected. We took a least intervention approach to
minimise stress, so sample weighing and other disturbances were kept to a minimum.
Therefore, individual fish variation amongst treatments was only measured at the final
weighing, and variation between average weights was presented for all interim weight
measurements. The Specific Growth Rates (SGRs) and Fulton’s K Condition Index [42] for
all treatments were calculated based on final measurements. Average final weights, lengths
and Fulton’s K for each replicate were analysed using a one-way ANOVA test, followed by
a post hoc Tukey’s pairwise comparison.

2.3. Economic Data

Economic analysis was performed concerning the theoretical setup and operations
of BSFL facilities and management on an existing tilapia farm, producing 6000 kg of fish
per year based on primary data collected from the BSF facility setup in Rukungiri. The
maximum capacity of the BSFL unit was estimated to be 10,080 kg of live BSFL per year,
judged to be enough to produce 6000 kg of fish with 70% replacement of commercial feed
at a Feed Conversion Ratio (FCR) of 2.4, which is towards the upper end of that expected in
a commercial setting [43]. Capital costs for BSFL production included the price of building
a polytunnel breeding unit and on-growing in concrete bays, such as those in Figure 1.
Operating costs included the maintenance of capital items, along with the cost of feed and
the amount of labour and its associated hourly rate. In our model, it was assumed that a
loan would be required for the CAPEX of building the BSFL facilities, but the tilapia farm
was already established with no extra building or other outstanding costs. Primary data
were collected on the amount of market waste substrate used and the costs involved in its
collection, including fuel and labour requirements. Other labour requirements included the
daily management of BSF egg collection and incubation, mashing substrate using a hammer
mill and storing it for later use, larvae management, including turning the substrate and
collecting the larvae for use as supplementary feeds, and finally the feeding activities on
the fish farm site. These labour costs were balanced against the cost of commercial feed,
including its collection. All costs were calculated with a 15% additional miscellaneous
costs and a 10% contingency on top of actual monies paid, to account for uncertainty in
the quantity and quality of waste collected and production efficiencies. Therefore, the
economic costings are likely very conservative in their assessment.

Economic evaluation was made based on feasibility assessments using Net Present
Value (NPV) over 10 years with a 10% discount rate. This was tested over several sensitivity

https://doi.org/10.3390/su18199745


https://doi.org/10.3390/su18199745

Sustainability 2026, 18, 9745

60f17

scenarios: (1) changing the substitution rate of BSFL for commercial feed within the fish
diet incrementally from 0% to 70% at FCRs of 1.8 and 2.4, (2) changing the price of frass
for 33% and 66% substitution rates and corresponding sales, (3) changing the cost of
waste used as a substrate for BSFL production with 33% and 66% substitution rates, and
(4) changing the price of BSFL and corresponding sales at increasing levels of substitution
at an FCR of 2.4. For initial costings of the theoretical enterprise, where excess larvae were
produced, they were assumed to be sold at $0.25 per kg, and frass was assumed to be sold at
US$0.10 per kg. This was for demonstration purposes only, and in reality, sales of BSFL and
frass may be difficult to establish in the short term. In the subsequent scenarios, the effects
of waste costs and frass and BSFL prices were tested using sensitivity analysis, shown in
Table 1. All other data on costs and returns were based on the economic data obtained from
setting up the BSF facility and operating costs on the associated tilapia farm in Rukungiri
where the growth trial took place.

Table 1. Black soldier fly larvae production scenarios to test sensitivity of cost-benefit analysis.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Substitution Rate Frass Price Waste Price BSFL Price
Substitution rate with BSFL, % 0-70 33 and 66 33 and 66 0-70
Price of Frass per kg $0.00 $0.00-$0.20 $0.00 $0.00
Cost of market waste per kg $0.00 $0.00 $0.00-%0.10 $0.00
Price of BSFL larvae per kg $0.00 $0.00 $0.00 $0.00-%0.60
3. Results

3.1. Fish Nutrition

The results of the growth trial (Figure 2) showed that commercial feed could be
successfully substituted with BSFL at 33% and 66% with no negative effects on growth
(p < 0.001). Clearly, from the no feed (NF) treatment, there was insufficient nutrition
obtained from the pond, as the fish suffered a loss in weight for over 40 days before
starting to recover. However, all other treatments grew well, with an average SGR of 0.80
between the three fed treatments over the 105 days of the trial, and there was no significant
difference between the final weights (p < 0.0001, R? = 96.98), lengths of fish (p < 0.0001,
R? = 96.32) or the Fulton’s K condition index (p = 0.001, R? = 86.33) of the three fed groups
(Figure 3). The NF treatment had lower final weight, length and Fulton’s K than all other
treatments, as expected. However, final individual measurements revealed there was a
large variation between growth rates in all treatments (Figures 2 and 3), which could be due
to a number of factors and possibly influence farm scheduling that may ultimately affect the
economic performance.

3.2. Economic Appraisal

Table 2 shows the capital, operating and fixed costs and parameters for the BSFL
production facility and fish production model for 33% and 66% BSFL substitution at an
assumed FCR of 2.4. During BSFL production, there was considerable variation in the
quality of the substrate, particularly the water content and the mix varied daily according
to what was available from the local market. However, fruit and vegetable waste was
collected daily, mashed and mixed in storage barrels until needed, so some of the variation
was evened out, but it could not be eliminated altogether. Therefore, the waste and frass-to-
larvae ratios used in the economic modelling are approximate averages based on several
weeks of real production. The price of fish was already established from the farm operations,
but the price of larvae and frass were assumptions.
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Figure 2. Growth of tilapia produced using four different feeding regimes over 105 days showing
averages and SD between treatments to day 84 and individual averages and SDs at day 105; NF—
no feed, CF—commercial feed, 33BSF—33% replacement of commercial feed with live BSF larvae,
66BSF—66% replacement of commercial feed with live BSF larvae. All fed treatments were fed at
3.5% of body weight per day, split between morning and afternoon feeding.

Table 2. System parameters and costs for complementary BSFL and tilapia production in Uganda
with two levels of substitution at an FCR of 2.4. Includes sales of spare BSFL and frass.

System Parameters

Amount of waste to produce 1 kg larvae 15 kg
Amount of frass produced per kg larvae 4 kg
Price of fish per kg $2.00
Price of feed per kg $1.00
BSFL production capacity, kg 7800
Fish production, kg 6000
Capital Costs, $US

Aggregates 60.90
Bricks 60.90
Concrete 112.40
Hut Shelter 415.20
Hammer mill 913.00
Plastic sheeting 102.90
Shading 85.20
Timber 160.00
Storage 20.90
Measuring 15.00
Utensils 62.25
Other 15.65
TOTAL CAPEX 2753.70
Fixed operating costs, US$

Labour (stockworker) * 521.74
Labour (BSF manager) 1304.35
Fuel 216.00
Ma.u.lt.enance of BSF infrastructure and 258.39
facilities

Interest on loan 535.26
TOTAL FIXED OPERATING COSTS 2835.73
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Table 2. Cont.

System Parameters

Variable operating costs, US$ CF 33BSF 66BSF
Feed 14,400 9648.00 4896.00
Miscellaneous costs, 15% 2238.26 1753.51 1040.71
Contingency, 10% 1716.00 1370.20 823.72
TOTAL VARIABLE OPERATING COSTS 18,354.26 12,771.71 6760.43
TOTAL OPERATING COSTS 18,570.26 15,607.44 9596.16
Fixed Income, US$

Fish sales 12,000.00

Variable Income, US$ CF 33BSF 66BSF
Spare BSF sales ($0.25/kg) 0.00 1332.00 144.00
Frass sales ($0.10/kg) 0.00 4032.00 4032.00
TOTAL SALES 12,000.00 17,364.00 16,176.00
PROFIT —6570.26 1756.55 6579.83

* For fixed operating costs, the CF scenario includes stockworker and other fish production costs but
not the costs associated with BSFL management.

The only variable costs were related to feed, miscellaneous costs, plus the contingency
related to production between substitution rates. Fixed operating costs included labour,
fuel, maintenance, and interest on the loan required to build the BSF facilities. Income came
from fixed fish and frass sales; although the quantity of larvae production was fixed, sales
varied according to the amount of spare BSFL and could be sold between the different feed
substitution rates and FCRs. There was also some small income from bank interest as the
facility became profitable, and this also varied between the two substitution rates.

Figure 4 shows the NPV for the various different scenarios (Table 1) over ten years
at a 10% discount rate. Scenario 1 shows the effect of changing the BSFL substitution
rates at FCRs of 1.8 and 2.4, from no substitution (CF) up to 70% substitution, with no
additional income from frass or spare BSFL. With no substitution, fish production is not
profitable for either FCR rate and remains loss-making for both FCRs up to approximately
40% substitution for an FCR of 1.8 and approximately 55% for an FCR of 2.4. At low
substitution rates (<20%), the savings on feed do not outweigh the cost of setting up the
BSFL facility.

With a 33% substitution rate, the enterprise remains unprofitable at FCRs of 1.8 or
2.4 from selling fish at US$2.00 and no further income from either frass or BSFL. At 66%
substitution with BSFL, the enterprise is profitable with a payback period of 2 yrs at FCRs
of 1.8 and 2.4.

Scenario 2 (Figure 4b) shows the same model as for Figure 4a but with a fixed FCR
of 2.4 for 33% and 66% BSFL substitution rates and a variable price of frass (Scenario 2).
Although frass is less valuable than BSFL, the volumes are much greater (Table 2) and
therefore have the potential to add a lot of income to the farm if it can be sold. Selling
frass at above $0.12 per kg results in both 33% and 66% substitution rates being profitable,
whereas organic fertiliser such as manure has low availability [44] and is increasingly being
substituted for costly inorganic fertiliser in Uganda [45].

Scenario 3 (Figure 4c) investigated the effect of increased waste costs using a fixed
FCR of 2.4 for 33% and 66% BSFL substitution rates, as in Scenario 2. Raising the price
of waste leads to a sharp reduction in profits, so that the 33% substitution rate becomes
even more unprofitable, remembering that the facility’s BSFL production is constant. At
66% BSFL substitution, the system remains profitable with a waste price up to approxi-
mately US$0.08/kg. It seems that the system is more sensitive to waste prices than larvae
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prices overall, as changing the price of larvae has much less effect than the price of waste
(Figure 4c), and substitution rates of between 40% and 50% are required for the enterprise
to be profitable for prices of larvae between $0.00 and $0.60/kg (Figure 4d). If all larvae
were sold, they would need to fetch above $0.40 per kg to match the cost of investment in
the facilities and production costs. However, maximising the profitability through sales of
frass and larvae is essential to enable tilapia to be sold at the target price of $2.00/kg and
remain profitable. Selling frass at $0.10/kg enables a tilapia break-even price of $2.00/kg
with 35% BSFL substitution, but would require approximately 53% substitution if only
selling the spare BSFL at $0.25/kg (Figure 5).
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Figure 3. (a) Final weight, (b) length, and (c) Fulton’s K condition factor of tilapia produced using
four different feeding regimes over 105 days; NF—no feed, CF—commercial feed, 33BSF—33%
replacement of commercial feed with live BSF larvae, 66BSF—66% replacement of commercial feed
with live BSF larvae. Different letters above plots denote significant differences.
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(FCR = 2.4).

https:/ /doi.org/10.3390/5u18199745


https://doi.org/10.3390/su18199745

Sustainability 2026, 18, 9745

11 of 17

Commercial feed cost is by far the most significant, and substituting feed for low-cost
alternatives, such as BSFL, reduces the vulnerability to shocks in the price of feed and poor
FCR. Figure 6 shows the range of profitability within each coloured area, with higher and
lower FCRs at the lower and higher end of the range, respectively. As would be expected,
the higher the level of substitution, the narrower the range becomes between the FCRs as
the price of feed increases.

50.0
30.0
10.0
-10.0
=-30.0
=50.0
-70.0
=-90.0
-110.0
-130.0

-150.0
06 1.0 14 1.8

Cost of feed, $US
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NPV, 10% Thousands

Figure 6. Effect of feed cost on the profitability of combined BSFL and tilapia production in Uganda,
showing NPV discounted at 10% for 0%, 33% and 66% substitution rates of BSFL for feed with FCR
ranging between 1.8 (upper) and 2.4 (lower).

4. Discussion

The feed substitution trial showed that large amounts of live BSFL can replace com-
mercial feed in diets with no negative effects on growth. However, considerable variation in
growth was apparent within all treatments, especially the fed fish. Variability can be due to
anumber of reasons, such as competition and hierarchies within the fish populations, which
lead to dominant individuals acquiring more feed. However, it is more likely that inherent
genetic variability within the seed, along with mixed sex stock, led to the variation in all
treatments. There have been mixed results in feeding BSFL as a replacement for feed [2].
Several studies have been conducted on using BSFL in tilapia feeds, including Devic, et al.
(2018) [46], Muin H., et al. (2017) [47] and Tippayadaraet al. (2021) [21], with most studies
showing diets with modest inclusions of BSFL performing as well as control diets. Most
literature has focused on replacing feed ingredients, especially marine ingredients, within
commercial pelleted diet formulations, rather than replacing the commercial feed itself. Of
the few studies that looked at replacing feed, Kals et al. (2024) [35] showed that up to 20%
of a formulated tilapia feed could be replaced by dried and chopped BSFL without any
negative effects on growth. In contrast, a study on rainbow trout by Ozturk et al. (2022) [38]
showed that replacement of commercial feed with BSF prepupae resulted in a significant
reduction in growth and poor welfare outcomes, leading to high mortality. However,
BSF prepupae are considerably higher in chitin than BSFL, which was given as the main
reason for the poor results. Also, much depends on the quality of the formulated feed,
with some studies showing that maintaining moderate levels of marine ingredients with
relatively large inclusions of BSFL did not adversely affect growth in tilapia trials [17,48,49],
although increasing levels of chitin adversely affect digestibility [17]. However, the diges-
tive anatomies of tilapia and trout are also considerably different, with trout being highly
carnivorous compared to the omnivorous tilapia, which obtains much of its nutrition from
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natural feeds in semi-intensive systems [37]. However versatile semi-intensive systems
may be, the nutritional profile of the supplementary feed, i.e., BSFL in this case, is still
of importance for the health of the cultured animal and the conditions within the pond.
Poor nutrition leads to wasted feed, poor conversion and growth, and deteriorating water
quality. The quality of substrate fed to BSFL affects their nutritional profile that in turn
affects fish performance and their nutritional profile [50,51], but the level of chitin within
the larvae is of particular interest, which could be affected by the production conditions of
the larvae [52,53]. In this study, commercial feed was substituted on a weight-for-weight
basis, and this obviously led to some differences in the overall nutritional content of the
supplementary feed provided. Larvae contain more moisture, and the levels of protein
and lipid can vary considerably according to the substrate supplied. Considering that the
larvae were supplied with fruit and vegetable waste from a consistent source, which was
mixed, macerated and stored prior to use, it could be assumed to be of fairly consistent
composition. Eke, et al. (2025) [54] showed that BSFL larvae could achieve protein levels
of over 45% (DM) when fed with fruit and vegetable waste, with dry matter contents of
between 20% and 44%. Direct substitution of feed with unprocessed larvae may result in an
overall lowering of protein available in the supplementary feed provided, but this does not
seem to influence growth performance. Similar results have been discussed by El Sayeed
(2008) [55] that lower protein than considered optimal often produced comparable results
in semi-intensive systems where over 50% of nutritional needs can be sourced directly from
fertilised ponds [37]. The nutritional parameters of larvae are an important consideration,
but perhaps less so as a supplementary feed than the logistics of larvae production, such as
their growth rates and harvesting time, which could affect the timing of BSFL availability,
and therefore the amount of commercial feed required and the profitability of the whole
operation. Perez-Pacheco et al. (2022) [50] showed that production time of BSFL was
longest using fruit waste compared to more protein-rich substrates. While this may not be
an issue in well-managed production facilities, it is a consideration where substrate streams
could be highly variable.

The economic analysis shows that the model of producing BSFL larvae to replace feed
can be viable for small-holder farmers. The viable levels of substitution are a key factor in
determining the profitability of the model. Whereas many studies have shown maximum
BSFL meal inclusion rates in feed of approximately 15% to 20%, here we have demonstrated
a substitution of 66% of feed with live BSFL with no detrimental effect on growth, allowing
profitable production of low-priced tilapia. The main considerations are the price of feed,
labour effort and possible cost of waste (substrate). There is considerable uncertainty
around some of these parameters, which was addressed in the sensitivity analysis shown
in Figure 4. The economic returns from frass are perhaps one of the most important areas
of uncertainty, as the volumes are high and returns could be significant, given good market
conditions (Figures 4 and 5). Furthermore, with no returns at all from the frass, substitution
needs to be maintained above 50% for the enterprise to be profitable if tilapia sales are to
be maintained at affordable rates. The analysis of the theoretical facility shows that the
price of labour required is low compared to that of feed, and the daily contribution to BSFL
management is not considerable compared to the cost of feed and the possible savings. The
level of expertise is also not a barrier, with the main consideration being knowledge of
maintaining good egg production. The baseline model assumes that waste is “free” apart
from the cost to collect, store and prepare it for use and, in practice, the farm paid less
than $0.02/kg on average. However, the calculations show that if there were significant
competition for the waste resource, then the profitability of the farm declines rapidly. This
has often been the case in Europe, where only feed-grade substrates are permissible and
therefore in direct competition with other end users in most cases. For example, Wehry
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et al. (2022) [29] showed that almost all feed-grade agricultural by-products in Scotland
were already utilised, with the exception of some whisky by-products, whereas Smetana
etal. (2019) [33] showed that over 30 kg of feed-grade substrate was required to produce
1 kg of BSFL meal. In Africa, where rates of spoilage are high, waste management is
underdeveloped, and there are fewer restrictions on the types of by-products or waste that
are permissible, this level of competition is not likely to occur. High rates of spoilage, due
to the Sub-Saharan climate, render many by-products such as market waste unusable for
other livestock but ideal for BSFL [15,56], but if “waste” were to find other more lucrative
markets, the economic model would be challenged as it has been in Europe.

The model presented in this study is different from that of some similar publications,
which did not rely on farm-produced BSFL, but bought them from external sources. The
price of feed is more critical than other inputs. At the time of this study, feed was approxi-
mately 80,000 UGX for a 20 kg bag, equating to just over US$1.00 per kg, although this is
now rising. A few studies have shown improved profits when including BSFL in different
forms, e.g., [57,58], but few details were given on feed or larvae prices. Kals et al. (2024) [35]
substituted chopped, bought larvae costing US$1.02 for feed, which was costed at US$1.36.
Kariuki et al. (2024) [16] showed better economic performance when substituting fishmeal
for BSFL meal, but due mostly to better survival compared to the control diet, whereas
other studies show no difference in survival. Both Kals et al. (2024) [35] and Kariuki et al.
(2024) [16] declare tilapia prices to be US$5 per kg or more, on average, which is well over
the Ugandan price of approximately 14,000 UGX, or US3.80. However, price depends on
the size of the fish, with larger fish selling for higher prices, with some competition from
frozen imports [34]. Fish prices for large fish are unaffordable for poor communities, and
within this study, we hoped to significantly reduce the price of fish that could be offered
(US$2/kg), so as to make them more accessible to poorer consumers and improve their nu-
tritional outcomes. However, although more affordable with higher sales volume, smaller
fish typically return less profit [34]. Therefore, margins must be improved, and production
models made more resilient. However, growing smaller fish has certain benefits, such as
potentially lower FCRs, higher stocking densities and shorter cycles, all of which can reduce
risk to the farmer [34]. By using partial harvests, farmers can produce a range of fish sizes,
which target different markets and further reduce risk [59]. The growth trial did not reach
the target weight of 150 g-200 g in the 15-week time frame; however, the economic model
was informed by the growth trial to produce a set volume of fish at US$2.00 per kg and the
necessary inputs to achieve that goal. The growth trial demonstrated a high variation in
final fish sizes, and therefore the partial harvest approach could be the most appropriate,
which would produce fish at a range of prices. Diversification reduces exposure to volatile
externalities, including costs of inputs and is often used as a strategy to overcome risk and
market uncertainty, particularly by small-scale farmers in LMICs who can adjust quickly
to market conditions [14]. Sometimes this may be by adopting integrated production
practices or diverse polycultures such as in China [60], or in other cases by integrating
with food service or even recreational fishing [61] in Europe and elsewhere. Adopting
BSFL production allows for diversification in several ways: by producing surplus larvae
and frass for direct sale or by using them onsite to feed other animals such as poultry and
fertilise crops on site. In some cases, the frass may be used to fertilise fish ponds or even
included in fish diets themselves [62,63].

Figure 6 shows how susceptible the profitability is to rising prices of feed and therefore
the importance of good feed management. Reducing FCR has a large effect, with less
substitution of feed necessary to maintain profitability. Poor feed conversion results in a
loss unless commercial feed is substituted with BSFL by at least 50%, assuming no change
in feed performance as shown within the growth trial. The models presented here are from
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a small-holder perspective. Scaling up diversified production systems has shown to be
challenging, as balancing the various needs of the farm inputs and outputs becomes more
complex. Therefore, it cannot be assumed that approaches that work at a small scale will
inevitably apply at larger scales. Although it is difficult to put a limit on the scalability of
such a system, typically, diversified models such as Integrated Agriculture Aquaculture
are practiced by small-scale farmers who are able to draw on family labour with few
external inputs. As farmers increase scale and require additional, perhaps expensive
labour inputs, there becomes an increased trade-off between labour and other inputs [64].
Greater intensification often follows, with more commercial feed and greater water quality
management, including aeration, which leads to a move away from the more labour-
intensive diversified models.

5. Conclusions

Although our analysis should not be considered a complete feasibility study, our
economic modelling and sensitivity analysis showed that producing low-cost fish with farm-
produced supplementary feeding models is possible but relies on good feed management
and diversification strategies such as those offered by BSFL production. El-Sayed [65]
claimed that the majority of small-scale tilapia production in Sub-Saharan Africa is on
farm-made feeds because of the cost and perceived low quality of commercial diets, and
although this is no longer the case, the cost of feed remains a major barrier to aquaculture
growth. Access to good quality feed ingredients is therefore of paramount importance.
On-farm production of BSFL as a supplementary feed is a promising approach to the
challenges faced by small-scale tilapia producers in Sub-Saharan Africa.

Author Contributions: Conceptualisation; RW.N., TM., A, Data management; T.M., Formal
analysis; RW.N., ].B., Methodology; R W.N., T.M., ].B., Project administration; A.I, TM., Visualisation;
R.W.N., Writing, reviewing and editing; RW.N., ].B., TM., D.C.L., Supervision; D.C.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This project was funded by an AgriFood Africa Innovation Award from the Global Chal-
lenges Research Fund of UK Research and Innovation. It was carried out in accordance with the
World Organisation for Animal Health (WOAH) guidelines for farmed animals.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data set contains commercial data from farm production. The essential
data for understanding the economic analysis is fully included within the manuscript.

Acknowledgments: We would like to thank Pauson Mpabukure and Samuel Ntegyerize for their
work in managing the BSF and fish production trials in Rukungiri.

Conflicts of Interest: Author Tim Messeder was employed by the Rural Aquaculture Development.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

1. Barroso, EG.; de Haro, C.; Sdnchez-Muros, M.-].; Venegas, E.; Martinez-Sanchez, A.; Pérez-Bafién, C. The potential of various
insect species for use as food for fish. Aquaculture 2014, 422423, 193-201. [CrossRef]

2. Nogales-Mérida, S.; Gobbi, P; Jézefiak, D.; Mazurkiewicz, J.; Dudek, K.; Rawski, M.; Kieroriczyk, B.; Jo6zefiak, A. Insect meals in
fish nutrition. Rev. Aquac. 2018, 11, 1080-1103. [CrossRef]

3.  Newton, R; Telfer, T; Little, D. Perspectives on the utilization of aquaculture coproduct in Europe and Asia: Prospects for value
addition and improved resource efficiency. Crit. Rev. Food Sci. Nutr. 2014, 54, 495-510. [CrossRef] [PubMed]

https://doi.org/10.3390/su18199745


https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1111/raq.12281
https://doi.org/10.1080/10408398.2011.588349
https://www.ncbi.nlm.nih.gov/pubmed/24237000
https://doi.org/10.3390/su18199745

Sustainability 2026, 18, 9745 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Newton, R.W.; Maiolo, S.; Malcorps, W.; Little, D.C. Life Cycle Inventories of marine ingredients. Aquaculture 2023, 565, 739096.
[CrossRef]

Glencross, B.; Ling, X.; Gatlin, D.; Kaushik, S.; @verland, M.; Newton, R.; Valente, LM.P. A SWOT Analysis of the Use of Marine,
Grain, Terrestrial-Animal and Novel Protein Ingredients in Aquaculture Feeds. Rev. Fish. Sci. Aquac. 2024, 32, 396-434. [CrossRef]
Sprague, M.; Dick, J.R.; Tocher, D.R. Impact of sustainable feeds on omega-3 long-chain fatty acid levels in farmed Atlantic
salmon, 2006-2015. Sci. Rep. 2016, 6, 21892. [CrossRef] [PubMed]

Malcorps, W.; Kok, B.; Van't Land, M.; Fritz, M.; van Doren, D.; Servin, K.; van der Heijden, P.; Palmer, R.; Auchterlonie, N.;
Rietkerk, M.; et al. The Sustainability Conundrum of Fishmeal Substitution by Plant Ingredients in Shrimp Feeds. Sustainability
2019, 11, 1212. [CrossRef]

Daniel, N. A review on replacing fish meal in aqua feeds using plant protein sources. Int. J. Fish. Aquat. Stud. 2018, 6, 164-179.
Majluf, P.; Matthews, K.; Pauly, D.; Skerritt, D.J.; Lourdes, D.; Palomares, D. A review of the global use of fishmeal and fish oil
and the Fish In:Fish Out metric. Sci. Adv. 2024, 10., eadn5650. [CrossRef] [PubMed]

Stevens, ].R.; Newton, R.W.,; Tlusty, M.; Little, D.C. The rise of aquaculture by-products: Increasing food production, value, and
sustainability through strategic utilisation. Mar. Policy 2018, 90, 115-124. [CrossRef]

Zhang, W.; Belton, B.; Edwards, P.; Henriksson, P.J.G.; Little, D.C.; Newton, R.; Troell, M. Aquaculture will continue to depend
more on land than sea. Nature 2022, 603, E2-E4. [CrossRef] [PubMed]

FAO. FishStat Plus—Universal Software for Fishery Statistical Time Series; FAO Fisheries and Aquaculture Department: Rome,
Italy, 2025.

Theanacho, S.; Hornburg, S.C.; Schulz, C.; Kaiser, F. Toward Resilient Aquaculture in Africa: Innovative and Sustainable Aquafeeds
Through Alternative Protein Sources. Rev. Aquac. 2025, 17, €13009. [CrossRef]

Mafwila Kinkela, P.; Kambashi Mutiaka, B.; Dochain, D.; Rollin, X.; Mafwila, J.; Bindelle, J. Smallholders” Practices of Integrated
Agriculture Aquaculture System in Peri-urban and Rural Areas in Sub Saharan Africa. Tropicultura 2019, 37, 4.

Quilliam, R.S.; Nuku-Adeku, C.; Maquart, P; Little, D.; Newton, R.; Murray, F. Integrating insect frass biofertilisers into sustainable
peri-urban agro-food systems. J. Insects Food Feed. 2020, 6, 315-322. [CrossRef]

Kariuki, M.W.; Barwani, D.K.; Mwashi, V.; Kioko, J.K.; Munguti, ].M.; Tanga, C.M.; Kiiru, P.; Gicheha, M.G.; Osuga, .M. Partial
Replacement of Fishmeal with Black Soldier Fly Larvae Meal in Nile Tilapia Diets Improves Performance and Profitability in
Earthen Pond. Sci. Afr. 2024, 24, €02222. [CrossRef]

Eggink, K.M.; Pedersen, P.V,; Lund, I.; Dalsgaard, J. Chitin digestibility and intestinal exochitinase activity in Nile tilapia and
rainbow trout fed different black soldier fly larvae meal size fractions. Aquac. Res. 2022, 53, 5536-5546. [CrossRef]

Belghit, I; Liland, N.S.; Waagbe, R.; Biancarosa, I.; Pelusio, N.; Li, Y.; Krogdahl, A. ; Lock, E.-J. Potential of insect-based diets for
Atlantic salmon (Salmo salar). Aquaculture 2018, 491, 72-81. [CrossRef]

Belghit, I; Liland, N.S.; Gjesdal, P.; Biancarosa, I.; Menchetti, E.; Li, Y.; Waagbeo, R.; Krogdahl, A.; Lock, E.-J. Black soldier fly larvae
meal can replace fish meal in diets of sea-water phase Atlantic salmon (Salmo salar). Aquaculture 2019, 503, 609-619. [CrossRef]
Dumas, A.; Raggi, T.; Barkhouse, J.; Lewis, E.; Weltzien, E. The oil fraction and partially defatted meal of black soldier fly larvae
(Hermetia illucens) affect differently growth performance, feed efficiency, nutrient deposition, blood glucose and lipid digestibility
of rainbow trout (Oncorhynchus mykiss). Aquaculture 2018, 492, 24-34. [CrossRef]

Tippayadara, N.; Dawood, M.A.O.; Krutmuang, P.; Hoseinifar, S.H.; Doan, H.V.; Paolucci, M. Replacement of Fish Meal by
Black Soldier Fly (Hermetia illucens) Larvae Meal: Effects on Growth, Haematology, and Skin Mucus Immunity of Nile Tilapia,
Oreochromis niloticus. Animals 2021, 11, 193. [CrossRef] [PubMed]

Cammack, J.A.; Tomberlin, ].K. The Impact of Diet Protein and Carbohydrate on Select Life-History Traits of the Black Soldier Fly
Hermetia illucens (L.) (Diptera: Stratiomyidae). Insects 2017, 8, 56. [CrossRef] [PubMed]

Ee, K.Y,; Lam, M.Q.; Mah, ] K.; Merican, A. Black soldier fly (Hermetia illucens L.) larvae in degrading agricultural waste as a
sustainable protein production: Feedstock modification and challenges. Int. |. Trop. Insect Sci. 2022, 42, 3847-3854. [CrossRef]
Oonincx, D.G.; van Broekhoven, S.; van Huis, A.; van Loon, ].J. Feed Conversion, Survival and Development, and Composition of
Four Insect Species on Diets Composed of Food By-Products. PLoS ONE 2015, 10, e0144601. [CrossRef] [PubMed]

Pelletier, N.; Klinger, D.H.; Sims, N.A.; Yoshioka, J.R.; Kittinger, ].N. Nutritional Attributes, Substitutability, Scalability, and
Environmental Intensity of an Illustrative Subset of Current and Future Protein Sources for Aquaculture Feeds: Joint Consideration
of Potential Synergies and Trade-offs. Environ. Sci. Technol. 2018, 52, 5532-5544. [CrossRef] [PubMed]

Biteau, C.; Bry-Chevalier, T.; Crummett, D.; Ryba, R.; Jules, M.S. Insect-based livestock feeds are unlikely to become economically
viable in the near future. Food Humanit. 2024, 3, 100383. [CrossRef]

EC. Commission Regulation (EU) 2017/893 Amending Annexes I and IV to Regulation (EC) No 999/2001 of the European Parliament and
of the Council and Annexes X, XIV and XV to Commission Regulation (EU) No 142/2011 as Regards the Provisions on Processed Animal
Protein; European Commission: Brussels, Belgium, 2017.

https://doi.org/10.3390/su18199745


https://doi.org/10.1016/j.aquaculture.2022.739096
https://doi.org/10.1080/23308249.2024.2315049
https://doi.org/10.1038/srep21892
https://www.ncbi.nlm.nih.gov/pubmed/26899924
https://doi.org/10.3390/su11041212
https://doi.org/10.1126/sciadv.adn5650
https://www.ncbi.nlm.nih.gov/pubmed/39413173
https://doi.org/10.1016/j.marpol.2017.12.027
https://doi.org/10.1038/s41586-021-04331-3
https://www.ncbi.nlm.nih.gov/pubmed/35264745
https://doi.org/10.1111/raq.13009
https://doi.org/10.3920/jiff2019.0049
https://doi.org/10.1016/j.sciaf.2024.e02222
https://doi.org/10.1111/are.16035
https://doi.org/10.1016/j.aquaculture.2018.03.016
https://doi.org/10.1016/j.aquaculture.2018.12.032
https://doi.org/10.1016/j.aquaculture.2018.03.038
https://doi.org/10.3390/ani11010193
https://www.ncbi.nlm.nih.gov/pubmed/33467482
https://doi.org/10.3390/insects8020056
https://www.ncbi.nlm.nih.gov/pubmed/28561763
https://doi.org/10.1007/s42690-022-00916-1
https://doi.org/10.1371/journal.pone.0144601
https://www.ncbi.nlm.nih.gov/pubmed/26699129
https://doi.org/10.1021/acs.est.7b05468
https://www.ncbi.nlm.nih.gov/pubmed/29634245
https://doi.org/10.1016/j.foohum.2024.100383
https://doi.org/10.3390/su18199745

Sustainability 2026, 18, 9745 16 of 17

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

EC. Regulation (EC) No 1069/2009 of the European Parliament and of the Council of 21 October 2009 Laying Down Health Rules as Regards
Animal By-Products and Derived Products Not Intended for Human Consumption and Repealing Regulation (EC) No 1774/2002 (Animal
By-Products Regulation); European Commission: Brussels, Belgium, 2009.

Wehry, G.-].J.E,; Little, D.C.; Newton, R.W.; Bostock, J. The feasibility of underutilised biomass streams for the production of
insect-based feed ingredients: The case for whisky by-products and Scottish farmed salmon. Clean. Eng. Technol. 2022, 9, 100520.
[CrossRef]

Siva Raman, S.; Stringer, L.C.; Bruce, N.C.; Chong, C.S. Opportunities, challenges and solutions for black soldier fly larvae-based
animal feed production. J. Clean. Prod. 2022, 373, 133802. [CrossRef]

British Aquafeeds. Available online: https://www.britishaquafeeds.com/insect-protein-meal (accessed on 16 May 2025).
Index Mundi Index Mundi Commodity Prices, Fishmeal Monthly Price. Available online: https://www.indexmundi.com/
commodities/?commodity=fish-meal&months=12 (accessed on 16 May 2025).

Smetana, S.; Schmitt, E.; Mathys, A. Sustainable use of Hermetia illucens insect biomass for feed and food: Attributional and
consequential life cycle assessment. Resour. Conserv. Recycl. 2019, 144, 285-296. [CrossRef]

Kaminski, A.M.; Pounds, A.M.; McAdam, B.; Bostock, J.; Opiyo, M.A; Little, D.C. Growing smaller fish for inclusive markets?
Increasing stocking density and shortening the production cycle of Nile tilapia in cages on Lake Victoria. Aquaculture 2024, 581,
740319. [CrossRef]

Kals, J.; Opiyo, M.A.; Rurangwa, E.; Soma, K.; Ndambi, A.; Vernooij, A. Use of black soldier fly larvae and freshwater shrimp to
partly substitute commercial diet for Nile tilapia cultured in smallholder fish farms—A case study in Busia County, Kenya. Front.
Sustain. Food Syst. 2024, 8, 1298551. [CrossRef]

Mmereki, D.; David, V.E., Jr.; Wreh Brownell, A.H. The management and prevention of food losses and waste in low- and
middle-income countries: A mini-review in the Africa region. Waste Manag Res. 2024, 42, 287-307. [CrossRef] [PubMed]

Musa, S.; Aura, C.M.; Tomasson, T.; Sigurgeirsson, O.; Kubiriza, G.K.; Thorarensen, H. The Influence of Various Feeding and Pond
Fertilization Strategies on Nile Tilapia (Oreochromis niloticus L.) Production and the Selectivity for Natural Versus Supplementary
Diet in Semi-Intensive Aquaculture Systems. Aquac. Fish Fish. 2025, 5, €70031. [CrossRef]

Ozturk, R.C,; Yandi, L; Terzi, Y.; Altinok, I. Growth, Health and Fillet Quality of Rainbow Trout (Oncorhynchus mykiss) Fed Directly
with Black Soldier Fly (Hermetia illucens) Prepupae. Turk. ]. Fish. Aquat. Sci. 2022, 23, TRJFAS21683. [CrossRef]

Soetemans, L.; Uyttebroek, M.; Bastiaens, L. Characteristics of chitin extracted from black soldier fly in different life stages. Int. J.
Biol. Macromol. 2020, 165, 3206-3214. [CrossRef] [PubMed]

Eggink, K.M.; Dalsgaard, J. Chitin contents in different black soldier fly (Hermetia illucens) life stages. J. Insects Food Feed. 2023, 9,
855-864. [CrossRef]

Nuov, S; Little, D.C.; Yakupitiyage, A. Nutrient flows in an integrated pig, maggot and fish production system. Aquac. Res. 1995,
26, 601-606. [CrossRef]

Fulton, T.W. Rate of growth of sea fishes. Annu. Rep. Fish. Board Scotl. 1902, 20, 326—446.

Mengistu, S.B.; Mulder, H.A; Benzie, ].A.H.; Komen, H. A systematic literature review of the major factors causing yield gap
by affecting growth, feed conversion ratio and survival in Nile tilapia (Oreochromis niloticus). Rev. Aquac. 2019, 12, 524-541.
[CrossRef]

Braber, H.D.; van de Ven, G.; Ronner, E.; Marinus, W.; Languillaume, A.; Ochola, D.; Taulya, G.; Giller, K.E.; Descheemaeker, K.
Manure matters: Prospects for regional banana-livestock integration for sustainable intensification in South-West Uganda. Int. ].
Agric. Sustain. 2021, 20, 821-843. [CrossRef]

Amankwah, A.; Ambel, A.; Gourlay, S.; Kilic, T.; Markhof, Y.; Wollburg, P. Fertilizer Price Shocks in Smallholder Agriculture:
Cross-Country Evidence from High-Frequency Phone Surveys in Sub-Saharan Africa. Policy Research Working Paper; No. 10842.
World Bank. 2014. Available online: http://hdl.handle.net/10986/41877 (accessed on 16 May 2025).

Devic, E.; Leschen, W.; Murray, F; Little, D.C. Growth performance, feed utilization and body composition of advanced nursing
Nile tilapia (Oreochromis niloticus) fed diets containing Black Soldier Fly (Hermetia illucens) larvae meal. Aquac. Nutr. 2018, 24,
416-423. [CrossRef]

Muin, H.; Taufek, N.M.; Kamarudin, M.S.; Razak, S.A. Growth performance, feed utilization and body composition of Nile tilapia,
Oreochromis niloticus (Linnaeus, 1758) fed with different levels of black soldier fly, Hermetia illucens (Linnaeus, 1758) maggot meal
diet. Iran. J. Fish. Sci. 2017, 16, 567-577. [CrossRef]

Dietz, C.; Liebert, F. Does graded substitution of soy protein concentrate by an insect meal respond on growth and N-utilization
in Nile tilapia (Oreochromis niloticus)? Aquac. Rep. 2018, 12, 43-48. [CrossRef]

Aisyah, H.N.; Athirah, Z.A.R.; Hanani, W.R.; Arshad, S.S.; Hassim, H.A.; Nazarudin, M.F,; Ina-Salwany, M.Y. The effect of feeding
black soldier fly larvae on growth performance, protein, and fat content of red hybrid tilapia (Oreochromis spp.). Vet. World 2022,
15,2453-2457. [CrossRef] [PubMed]

https://doi.org/10.3390/su18199745


https://doi.org/10.1016/j.clet.2022.100520
https://doi.org/10.1016/j.jclepro.2022.133802
https://www.britishaquafeeds.com/insect-protein-meal
https://www.indexmundi.com/commodities/?commodity=fish-meal&months=12
https://www.indexmundi.com/commodities/?commodity=fish-meal&months=12
https://doi.org/10.1016/j.resconrec.2019.01.042
https://doi.org/10.1016/j.aquaculture.2023.740319
https://doi.org/10.3389/fsufs.2024.1298551
https://doi.org/10.1177/0734242x231184444
https://www.ncbi.nlm.nih.gov/pubmed/37533307
https://doi.org/10.1002/aff2.70031
https://doi.org/10.4194/trjfas21683
https://doi.org/10.1016/j.ijbiomac.2020.11.041
https://www.ncbi.nlm.nih.gov/pubmed/33181213
https://doi.org/10.3920/jiff2022.0142
https://doi.org/10.1111/j.1365-2109.1995.tb00950.x
https://doi.org/10.1111/raq.12331
https://doi.org/10.1080/14735903.2021.1988478
http://hdl.handle.net/10986/41877
https://doi.org/10.1111/anu.12573
https://doi.org/10.22092/IJFS.2018.114680
https://doi.org/10.1016/j.aqrep.2018.09.001
https://doi.org/10.14202/vetworld.2022.2453-2457
https://www.ncbi.nlm.nih.gov/pubmed/36425138
https://doi.org/10.3390/su18199745

Sustainability 2026, 18, 9745 17 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Perez-Pacheco, R.; Hinojosa-Garro, D.; Ruiz-Ortiz, F.,; Camacho-Chab, J.C.; Ortega-Morales, B.O.; Alonso-Hernandez, N.; Fonseca-
Munoz, A.; Landero-Valenzuela, N.; Loeza-Concha, H.J.; Diego-Nava, E; et al. Growth of the Black Soldier Fly Hermetia illucens
(Diptera: Stratiomyidae) on Organic-Waste Residues and Its Application as Supplementary Diet for Nile Tilapia Oreochromis
niloticus (Perciformes: Cichlidae). Insects 2022, 13, 326. [CrossRef] [PubMed]

Taufek, N.M.; Lim, J.Z.Y.; Bakar, N.H.A. Comparative evaluation of Hermetia illucens larvae reared on different substrates for red
tilapia diet: Effect on growth and body composition. J. Insects Food Feed. 2021, 7, 79-88. [CrossRef]

Eggink, KM.; Lund, I.; Pedersen, P.B.; Hansen, B.W.; Dalsgaard, J. Biowaste and by-products as rearing substrates for black soldier
fly (Hermetia illucens) larvae: Effects on larval body composition and performance. PLoS ONE 2022, 17, e0275213. [CrossRef]
[PubMed]

Spranghers, T.; Ottoboni, M.; Klootwijk, C.; Ovyn, A.; Deboosere, S.; De Meulenaer, B.; Michiels, ].; Eeckhout, M.; De Clercq, P;
De Smet, S. Nutritional composition of black soldier fly (Hermetia illucens) prepupae reared on different organic waste substrates.
J. Sci. Food Agric. 2017, 97, 2594-2600. [CrossRef] [PubMed]

Eke, M.; Tougeron, K.; Ngamo, L.; Hance, T. Effect of food waste composition on growth and nutritional value of black soldier fly
larvae. J. Insects Food Feed 2025, 12, 631-655. [CrossRef]

El Sayeed, A.EM. Tilapia feed and feeding in semi-intensive culture systems. In Proceedings of the Eighth International
Symposium on Tilapia in Aquaculture, Cairo, Egypt, 12-14 October 2008; pp. 717-723.

Dou, Z.; Dierenfeld, E.S.; Wang, X.; Chen, X.; Shurson, G.C. A critical analysis of challenges and opportunities for upcycling food
waste to animal feed to reduce climate and resource burdens. Resour. Conserv. Recycl. 2024, 203, 107418. [CrossRef]

Limbu, S.M.; Shoko, A.P,; Ulotu, E.E.; Luvanga, S.A.; Munyi, EM.; John, J.O.; Opiyo, M. A. Black soldier fly (Hermetia illucens, L.)
larvae meal improves growth performance, feed efficiency and economic returns of Nile tilapia (Oreochromis niloticus, L.) fry.
Agquac. Fish Fish. 2022, 2, 167-178. [CrossRef]

Wachira, M.N.; Osuga, LM.; Munguti, ] M.; Ambula, M.K.; Subramanian, S.; Tanga, C.M. Efficiency and Improved Profitability of
Insect-Based Aquafeeds for Farming Nile Tilapia Fish (Oreochromis niloticus L.). Animals 2021, 11, 2599. [CrossRef] [PubMed]
Saiti, F.; Jamu, D.M.; Chisala, B.; Kambewa, P. Simulation of optimal harvesting strategies for small-scale mixed-sex tilapia
(Oreochromis shiranus Boulenger 1896) ponds using a bio-economic model. Aquac. Res. 2007, 38, 340-350. [CrossRef]

Newton, R.; Zhang, W.; Xian, Z.; McAdam, B,; Little, D.C. Intensification, regulation and diversification: The changing face of
inland aquaculture in China. Ambio 2021, 50, 1739-1756. [CrossRef] [PubMed]

Turkowski, K. Fish Farmers’ Perception of Ecosystem Services and Diversification of Carp Pond Aquaculture: A Case Study from
Warmia and Mazury, Poland. Sustainability 2021, 13, 2797. [CrossRef]

Romano, N.; Yamamoto, F.; Rawles, S.D.; Webster, C.D. Type of black soldier fly (Hermetia illucens) larvae frass influences the
nutritional value when included in a prepared diet for Mozambique tilapia (Oreochromis mossambicus). Aquaculture 2024, 589,
740946. [CrossRef]

Yildirim-Aksoy, M.; Eljack, R.; Schrimsher, C.; Beck, B.H. Use of dietary frass from black soldier fly larvae, Hermetia illucens,
in hybrid tilapia (Nile x Mozambique, Oreocromis niloticus x O. mozambique) diets improves growth and resistance to bacterial
diseases. Aquac. Rep. 2020, 17, 100373. [CrossRef]

Belton, B. Small-scale aquaculture, development and poverty: A reassessment. In Enhancing the Contribution of Small-Scale
Aquaculture to Food Security, Poverty Alleviation and Socio-Economic Development; FAO Fisheries and Aquaculture Proceedings No.
31; FAO: Rome, Italy, 2013; pp. 93-108.

El-Sayed, A.-FM. Tilapia feed management practices in sub-Saharan Africa. In On-Farm Feeding and Feed Management in
Aquaculture; Hasan, M.R., New, M.B., Eds.; FAO Fisheries and Aquaculture Technical Paper No. 583; FAO: Rome, Italy, 2013;
pp. 377-405.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18199745


https://doi.org/10.3390/insects13040326
https://www.ncbi.nlm.nih.gov/pubmed/35447768
https://doi.org/10.3920/jiff2019.0058
https://doi.org/10.1371/journal.pone.0275213
https://www.ncbi.nlm.nih.gov/pubmed/36174084
https://doi.org/10.1002/jsfa.8081
https://www.ncbi.nlm.nih.gov/pubmed/27734508
https://doi.org/10.1163/23524588-bja10300
https://doi.org/10.1016/j.resconrec.2024.107418
https://doi.org/10.1002/aff2.48
https://doi.org/10.3390/ani11092599
https://www.ncbi.nlm.nih.gov/pubmed/34573565
https://doi.org/10.1111/j.1365-2109.2007.01671.x
https://doi.org/10.1007/s13280-021-01503-3
https://www.ncbi.nlm.nih.gov/pubmed/33675016
https://doi.org/10.3390/su13052797
https://doi.org/10.1016/j.aquaculture.2024.740946
https://doi.org/10.1016/j.aqrep.2020.100373
https://doi.org/10.3390/su18199745

	Introduction 
	Methods 
	BSFL Production 
	Growth Trial 
	Economic Data 

	Results 
	Fish Nutrition 
	Economic Appraisal 

	Discussion 
	Conclusions 
	References

