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Pelagic fish spared from ocean 
catch by integrating Black Soldier 
Fly Larvae in U.S. aquaculture 
production
Evan Moore , Xiangping Liu  and Merritt L. Drewery *

Department of Agricultural Sciences, Texas State University, San Marcos, TX, United States

The sustainability challenges associated with utilizing forage fish sourced from 
ocean catch as fish meal and fish oil in the aquaculture industry has increased 
the demand for alternative feeds. Previous research indicates that Black Soldier 
Fly Larvae (BSFL; Hermetia illucens) can partially replace fish meal and/or 
fish oil in the diets of farmed aquaculture species without compromising fish 
growth or efficiency. The objective of our study was to identify the amount 
of pelagic fish from ocean catch that could be spared from fish meal and fish 
oil production by integrating BSFL in the diets of three aquaculture species, 
Atlantic Salmon (Salmo salar), Rainbow Trout (Oncorhynchus mykiss), and 
Whiteleg Shrimp (Litopenaeus vannamei) in the United  States. Annual output 
for these aquaculture species was collected for 2017–2019. For each specie, 
we calculated the total metric tons (MT) of spared pelagic fish, by taxa, from 
fish meal and fish oil production based on total lifetime food intake and dietary 
replacement rates of fish meal and fish oil by BSFL as established in previous 
literature. At the highest level of dietary BSFL substitution for fish meal and/
or fish oil that did not sacrifice performance of the three aquaculture species, 
40,843 MT of pelagic fish could be spared from ocean catch in the U.S. per year. 
Therefore, integrating BSFL in the diets of aquaculture species could reduce the 
demand for pelagic fish sourced from ocean catch and positively contribute to 
the sustainability of aquaculture production.
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1 Introduction

Projections indicate the global population will reach 9 billion by 2050 (United Nations 
Department of Economic and Social Affairs, 2019). Together with increased wealth and per 
capita consumption of fish (Little et al., 2016), this population growth has positioned the 
aquaculture industry as one of the fastest growing food production sectors in the world 
(Stankus, 2021). From 1990 to 2020, global aquaculture production grew an average of 6.7% 
per year (Food and Agriculture Organization (FAO), 2022). Meanwhile, fed-based aquaculture 
production, for which aquaculture species were farmed and provided formulated feed, grew 
faster than the non-fed counterpart, reaching approximately 72.2% of total production in 2020 
(Food and Agriculture Organization (FAO), 2022). As the market for aquaculture products and 
fed-based production grows, there is increased concern over the sustainability of using fish meal 
and fish oil as feed (Malcorps et al., 2019).

Fish meal is the optimal protein feed in aquaculture production (Renna et al., 2017) while 
fish oil is used as an additive to increase dietary fatty acid content and provide omega-3 fatty 
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acids [National Oceanic and Atmospheric Administration (NOAA), 
2023]. Currently, 71% of fish meal and 74% of fish oil are produced from 
ocean catch of pelagic fish (Boyd et al., 2022), 90% of which are from 
food-grade fish such as sardines and anchovies (Cashion et al., 2017). 
As the aquaculture industry utilizes an estimated 46% of fish meal and 
fish oil produced globally (Malherbe, 2005), the growing demand for 
aquaculture products will increase the pressure placed on pelagic fish 
populations. Further, using fish meal and fish oil in farmed salmon 
production is associated with a carbon footprint of 3,532 kg of carbon 
dioxide per ton, which is much higher than that from dried BSFL, less 
than 30 kg of carbon dioxide per ton (Parodi et  al., 2020; Wang 
et al., 2022).

Pelagic fish (e.g., Peruvian Anchoveta, Pacific Sardine, Atlantic 
Herring), also referred to as forage fish, play vital roles in marine 
ecosystems by transferring energy from low trophic levels to higher 
and more valued carnivorous fish (Siple et al., 2019). While pelagic fish 
undergo cyclical population shifts due to natural stock productivity, 
increased fishing rates for fish meal and fish oil production exacerbate 
declining populations (Essington et al., 2015) as previously documented 
for the Pacific Sardine (Barnes et al., 1992; Baumgartner et al., 1992). 
Threats and actual realization of pelagic fish population collapse has 
negative ecosystem consequences, such as decreased utility of the fish 
as prey and decreased nutrient cycling (Nissar et al., 2022). The global 
economic value of pelagic fish is an estimated 18.7 billion USD 
annually, which is more than triple the catch value of these fish (Konar 
et al., 2019). Diminished pelagic fish populations could harm industries 
that capture economic value from them, including marine-based 
ecotourism businesses that are valued at 4.6 trillion USD (Northrop 
et  al., 2022). Besides the ecologic and economic losses, declining 
pelagic fish populations could also contribute to climate change as 
pelagic fish sequester carbon from the atmosphere by storing carbon 
dioxide, a major greenhouse gas (Konar et al., 2019).

In addition to the environmental sustainability and socioeconomic 
issues of using pelagic fish as feed, fluctuations in supply, price, and 
quality of fish meal have increased the demand for alternative feeds 
(Luthada-Raswiswi et al., 2021). Plant-based alternatives and Black 
Soldier Fly Larvae (BSFL; Hermetia illucens) are among potential 
alternative feeds. However, plant-based proteins may not fully meet 
the dietary needs of carnivorous farmed fish (Daniel, 2018) and 
researchers have reported lower feed conversion ratio (FCR) and 
growth rate from feeding carnivorous fish plant proteins in place of 
fish meal (Daniel, 2018).

Due to the nutritional profile, there has been recent interest in 
utilizing BSFL as an alternative to fish meal in aquaculture production, 
particularly for carnivorous fish (Priyadarshana et al., 2021). BSFL is 
an advantageous feed due to the ability of the larvae to convert organic 
waste into biomass, thus minimizing the natural resource inputs 
required for rearing (Goyal et al., 2021) and contributing to waste 
valorization (Siddiqui et al., 2022). Further, BSFL has been approved 
by the Association of American Feed Control Officials (AAFCO) as a 
feed ingredient for certain aquaculture species in the U.S. [Association 
of American Feed Control Officials (AAFCO), 2021] and is being 
assessed by the European Feed Safety Authority (EFSA) for market 
integration in the E.U. (Liguori et al., 2022).

Research has been conducted to evaluate BSFL as a feed for three 
commonly reared and harvested farmed fish species in the 
United States (U.S.): Atlantic Salmon (Salmo salar; Nøkland, 2019), 
Rainbow Trout (Oncorhynchus mykiss; Renna et  al., 2017), and 

Whiteleg Shrimp (Litopenaeus vannamei; Cummins et  al., 2017). 
Ultimately, this research demonstrates that BSFL can be used in partial 
dietary replacement of fish meal and/or fish oil without compromising 
FCR, fish growth, or survival. As farmed Atlantic Salmon alone 
requires 60% of global supplies of fish oil and 23% of fish meal (Willer 
et  al., 2022), the benefits of incorporating BSFL into aquaculture 
production could be significant.

Due to the sustainability concerns around fish meal and fish oil 
and the demonstrable ability of BSFL to replace these feeds, research 
that evaluates the impact of integrating BSFL in aquaculture 
production is warranted. Accordingly, the objective of this study was 
to estimate the amount of pelagic fish sourced from ocean catch that 
could be spared from fish meal and fish oil production by integrating 
BSFL into the diets of farmed Atlantic Salmon (Salmo salar), Rainbow 
Trout (Oncorhynchus mykiss), and Whiteleg Shrimp (Litopenaeus 
vannamei) in the U.S.

2 Materials and methods

Table 1 outlines the parameters used in our model; all were 
derived from existing literature and are described in further detail 
in this section. The average weight gain per fish achieved during 
rearing (ΔWeight) was determined by calculating the difference 
between the average market weight and fry weight for each of the 
three farmed fish species included in our model in Equation (1). Fry 
are young fish that have absorbed nutrients from the attached yolk 
sac and can eat autonomously. Accordingly, Fry Weight is the 
starting weight of the fish entering aquaculture production. Fry 
Weight and Average Market Weight were collected for Atlantic 
Salmon (Maine Aquaculture Innovation Center, 2023), Rainbow 
Trout (Towers, 2023), and Whiteleg Shrimp [Food and Agriculture 
Organization (FAO), 2023].

 Weight Average Market Weight Fry Weight∆ = −  (1)

We calculated the total kilograms (KG) of feed consumed per fish 
during the rearing process for each aquaculture species by multiplying 
the weight gain per fish, ΔWeight (Equation 1), and average feed 
conversion ratio, Average FCR, in Equation (2). Average FCR is the 
amount of feed required per unit of weight gain; this was collected for 
Atlantic Salmon from Nøkland (2019), for Rainbow Trout from Renna 
et al. (2017), and for Whiteleg Shrimp from Cummins et al. (2017).

 ( )Feed Per FishKG Weight Average FCR= ∆
 (2)

We then calculated the annual total metric tons (MT) of feed 
consumed (MTTotal Feed ) for each of the three modeled aquaculture 
species produced commercially in the U.S. by multiplying 
KGFeed Per Fish (Equation 2) and the total annual MT of production 
in Equation (3). The total annual MT of production was averaged over 
a 3-year period (2017–2019) for Atlantic Salmon, Rainbow Trout, and 
Whiteleg Shrimp [Food and Agriculture Organization (FAO), 2021].

 
   1000

Feed Per Fish
Total Feed Total Fish Produced

KG
MT MT

 
=     

(3)
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Output from Equation (3) includes intake of all ingredients that 
comprise a ration, including fish meal and fish oil. From this, 
we calculated the total annual MT of fish meal (Equation 4) and fish 
oil (Equation 5) required for commercial farmed fish production in 
the U.S. for each modeled species based on the inclusion rates of BSFL 
under each dietary replacement scenario i outlined in Table 1. Each 
dietary replacement scenario i was characterized by a specific 
combination of BSFL, fish meal, and fish oil for each of the three 
aquaculture species we modeled as implemented in previous research 
(Cummins et al., 2017; Renna et al., 2017; Nøkland, 2019). A dietary 
replacement scenario was only included if there was not a significant 
decrease in FCR, growth rate, or survival associated with that level of 
dietary BSFL substitution from previous literature.

 ( ) %Scenarioi
Total FeedFMMT FM MT=  (4)

 ( ) %Scenarioi
Total FeedFOMT FO MT=

 (5)

In Equations (4) and (5), %FM and %FO are the percentages of 
fish meal and fish oil, respectively, in the diet of each farmed fish 
species under a dietary replacement scenario i. Based on previous 
literature, we included four dietary replacement scenarios for both 
Atlantic Salmon and Whiteleg Shrimp and three scenarios for 
Rainbow Trout.

For Atlantic Salmon, Nøkland (2019) evaluated four BSFL 
inclusion rates: 0, 8, 16, and 32% with corresponding fish meal 
inclusion rates of 25, 23, 22, and 18% and fish oil inclusion rates of 
15, 13, 11, and 6%. Thus, dietary replacement scenarios 1–4 
correspond with 0, 8, 16, and 32% of BSFL inclusion with the 
baseline being scenario 1 (i.e., 0% BSFL, 25% fish meal, and 15% 
fish oil). For Rainbow Trout, Renna et al. (2017) substituted fish 
meal with increasing BSFL at 0, 20, and 40% of dietary inclusion. 
As the level of BSFL increased in the diet, fish meal inclusion 

decreased from 60 to 30% and fish oil inclusion decreased from 9 
to 5%. Thus, dietary replacement scenarios 1–3 correspond with 0, 
20, and 40% of BSFL inclusion with the baseline being scenario 1 
(i.e., 0% BSFL, 60% fish meal, and 9% fish oil). For Whiteleg Shrimp, 
the four BSFL inclusion scenarios from Cummins et al. (2017) were 
0, 7, 14, and 21%. As the level of dietary BSFL increased, the level 
of fish meal decreased, from 25 to 10%. However, as dietary BSFL 
increased, fish oil also increased from 1 to 2.5%. Thus, dietary 
replacement scenarios 1–4 correspond with 0, 7, 14, and 21% of 
BSFL inclusion with the baseline being scenario 1 (i.e., 0% BSFL, 
25% fish meal, and 1% fish oil).

The number of studies investigating BSFL as a feed substitute in 
aquaculture production has rapidly increased in recent years. 
We chose the above three studies based on their experimental design 
and dietary substitution rates. Specifically, each study substituted 
BSFL for fish meal and/or fish oil and reported FCR, fish growth, and 
survival. The BSFL inclusion rate in Nøkland (2019) ranges from 0 to 
32% which is greater than the range of 4 to 15% in Mikołajczak et al. 
(2022) and Eide et al. (2024) for Atlantic Salmon. For Rainbow Trout, 
the BSFL inclusion rates were 15 and 30% in Bolton et al. (2021) and 
0 to 15% in Caimi et al. (2021) which are narrower than that in Renna 
et al. (2017). For Whiteleg Shrimp, a narrow BSFL inclusion was used 
in Richardson et  al. (2021) and salmon oil was utilized in Nunes 
et al. (2023).

Based on MTFM
Scenarioi calculated in Equation (4) and MTFO

Scenarioi 
in Equation (5) for each aquaculture fish species under a dietary 
replacement scenario i, we determined the total MT of pelagic fish 
needed to produce fish meal (MTfish inFM

Scenarioi
 ) by dividing MTFM

Scenarioi  
by 22.5%, the conversion rate of pelagic fish to fish meal [Food and 
Agriculture Organization (FAO), 1986; Equation 6], and the MT of 
pelagic fish needed to produce fish oil (MTfish inFO

Scenarioi
 ) by dividing 

MTFO
Scenarioi by 7.2%, the conversion rate of pelagic fish to fish oil (The 

Fish Site, 2011; Equation 7).

 
 22.5%

Scenario i
Scenario i FM
fish in FM

MT
MT =

 
(6)

TABLE 1 Data on aquaculture production and replacement scenarios from literature.

Dietary 
BSFL, %1

Dietary fish 
meal, %1

Dietary fish 
oil, %1

FCR1 Fry weight, 
g2

Market 
weight, kg2

Fish output, 
metric tons3

Atlantic Salmon 0 25 15 1.20 100 3.5 15,761

8 23 13

16 22 11

32 18 6

Rainbow Trout 0 60 9 1.22 70 2.0 19,179

20 45 7

40 30 5

Whiteleg Shrimp 0 25 1 1.60 1 0.019 1,901

7 20 1.5

14 15 2

21 10 2.5

1Dietary inclusion and average feed conversion ratio (FCR) were obtained from Nøkland (2019) for Atlantic Salmon, Renna et al. (2017) for Rainbow Trout, and Cummins et al. (2017) for 
Whiteleg Shrimp.
2Fry and market weight was obtained from Maine Aquaculture Innovation Center (2023) for Atlantic Salmon; Towers (2023) for Rainbow Trout; and Food and Agriculture Organization 
(FAO), (2023) for Whiteleg Shrimp.
3Annual average of aquaculture output is from 2017 to 2019 [Food and Agriculture Organization (FAO), 2021].
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 7.2%

Scenario i
Scenario i FM
fish in FO

MT
MT =

 
(7)

Fish used to produce fish meal and fish oil are sourced from 
both ocean catch and fresh fish scraps. In Equation (8), 
we calculated the MT of pelagic fish sourced from ocean catch 
that is used for FM production for each farm fish species under 
scenario i (MTOcean catch inFM

Scenarioi
  ) by multiplying Equation (6) with 

71%, the percent of fish sourced from ocean catch for fish meal 
production (Boyd et  al., 2022). Similarly, to determine the 
MTOcean catch inFO

Scenarioi
   (Equation 9), we multiplied Equation (7) by 

74%, the percent of fish sourced from ocean catch for fish oil 
production (Boyd et al., 2022).

    71%Scenario i Scenario i
Ocean catch in FM fish in FMMT MT= ∗

 (8)

 MT MTOcean catch inFO
Scenarioi

fish inFO
Scenarioi

   
= ∗74% (9)

Using the outcome from Equations (8) and (9) for each farmed 
fish species under scenario i, we calculated the MT of spared pelagic 
fish for each of the top 10 taxa commonly utilized in global fish meal 
and fish oil production (Cashion et al., 2017) in Equations (10) and (11). 
The MT of each taxa is calculated using the percentage the taxa 
(%of taxa ) multiplied by the total MT of ocean catch used to produce 
fish meal (MTOcean catch inFM

Scenarioi
  ) or fish oil (MTOcean catch inFO

Scenarioi
  ) under 

each scenario. Importantly, only 53% of taxa were defined by Cashion 
et al. (2017) with 47% categorized as “other”. Therefore, we represented 
the 53% defined taxa as 100% of those used for fish meal and fish oil 
production, removing the undefined “other” taxa.

 ( )  %  scenario i Scenario i
Ataxa in FM Ocean catch in FMMT of taxa MT= ∗

 
(10)

 ( )   %  scenario i Scenario i
Ataxa in FO Ocean catch in FOMT of taxa MT= ∗

 
(11)

As the same individual fish is used for concurrent fish meal and 
fish oil production (Ockerman and Basu, 2014), we took the greater 
of Equations (10) and (11) to represent the total MT of ocean catch by 
each pelagic fish taxa used as feed in aquaculture production 
(Equation 12).

 { }A   max ,Scenario i Scenario i Scenario i
taxa Ataxa in FM Ataxa in FOMT MT MT=

 
(12)

We then calculated the MT of spared pelagic fish by taxa for each 
BSFL inclusion rate (scenarios j with j > 1) by subtracting the MT of 
pelagic fish sourced from ocean catch under scenarios j (MTAtaxa

Scenario j

) from that of the baseline scenario, for which there was 0% dietary 
BSFL inclusion (MTAtaxa

Scenario1), in Equation (13).

 
1

 
Scenario j Scenario Scenario j

Ataxa AtaxaAtaxa sparedMT MT MT= −
 (13)

3 Results and discussion

The objective of our study was to identify the amount of ocean 
catch pelagic fish that could be  spared from feed production by 
integrating BSFL into the diets of aquaculture species commonly 
reared in the U.S. Specifically, we focused on Atlantic Salmon (Salmo 
salar), Rainbow Trout (Oncorhynchus mykiss), and Whiteleg Shrimp 
(Litopenaeus vannamei). We then developed a model that used the 
BSFL replacement scenarios from previous feeding trials where BSFL 
was substituted for dietary fish meal and/or fish oil without adversely 
affecting fish growth, FCR, or survival rate.

Our model included published estimates of fry weight, market 
weight, FCR, and annual output for each of the three farmed 
aquaculture species. Further, we included adjustments for the percent 
of fish meal and fish oil originating from ocean catch, rather than fresh 
fish scraps, and for the conversion rate from pelagic fish to fish meal 
or fish oil. Our model also assumed the same fish is dually used for 
fish meal and fish oil feed production, ensuring ‘double counting’ did 
not occur. Thus, we calculated the amount of the top ten pelagic fish 
taxa that would be  spared from ocean catch when BSFL was 
substituted for fish meal and/or fish oil in the diet.

For the baseline replacement scenario (0% BSFL), 15,534 MT of 
pelagic fish would be required annually for fish meal production to 
support Atlantic Salmon farming in the U.S. (Table  2). At the 
maximum dietary replacement level (32% BSFL), 10,998 MT of 
pelagic fish would be required for fish meal production, a difference 
of 4,536 MT associated with integrating BSFL in the diet of Atlantic 
Salmon. These required amounts would be less than that required for 
fish oil production (Table 3), in which 30,314 MT would be required 
in the baseline scenario and 12,126 MT in the maximum dietary 
replacement scenario to support Atlantic Salmon farming. Therefore, 
the MT of pelagic fish used for fish oil, rather than fish meal, 
production was used in our final calculation.

At an 8% dietary inclusion rate of BSFL, 4,042 MT of pelagic fish 
could be spared from ocean catch annually with potential to spare 
18,188 MT annually at the maximum dietary inclusion rate, 32%. 
Most of the spared pelagic fish would be Peruvian Anchoveta, as this 
taxon is the most heavily utilized for fish meal and fish oil production, 
followed by Pacific Sardine (Cashion et al., 2017).

To support Rainbow Trout production in the U.S., 42,595 MT of 
pelagic fish would be  required for fish meal production annually 
(Table 4) and 20,783 MT for fish oil (Table 5) under the baseline 
replacement scenarios, for which 0% BSFL was included in the diet. 
These estimates are more than for Atlantic Salmon, likely because the 
annual output of Rainbow Trout is greater than that of Atlantic 
Salmon in the U.S., but also because of the dietary inclusion levels of 
fish meal that were used in the feeding trials included in our model. 
Specifically, Nøkland (2019) included 25% of fish meal in the baseline 
scenario for Atlantic Salmon while Renna et al. (2017) included 60% 
of fish meal. We assume that the diets evaluated in these feeding trials 
accurately reflect those implemented in aquaculture production.

When including BSFL in the diet of Rainbow Trout at 20% or 40%, 
the MT of pelagic fish required for fish meal production was greater 
than the MT of pelagic fish required for fish oil production. Therefore, 
we  used the requirements for fish meal production in our final 
calculation. By including BSFL in the diet of Rainbow Trout at a 20 
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and 40% inclusion rate, 10,648 and 21,298 MT of pelagic fish could 
be spared from ocean catch, respectively.

In the baseline scenario for Whiteleg Shrimp (i.e., 0% of BSFL 
in the diet), 2,265 MT of pelagic fish would be required for fish meal 
(Table 6) and 295 MT would be required for fish oil production 
every year (Table 7). Therefore, we used the required amounts of 
pelagic fish sourced from ocean catch for production of fish meal, 
rather than fish oil, in our final calculation of spared ocean catch 
fish associated with integrating BSFL in Whiteleg 
Shrimp production.

In our dietary substitution scenarios for Whiteleg Shrimp, 
we modeled 7, 14, and 21% dietary inclusion of BSFL. At 7% dietary 

inclusion of BSFL, 454 MT of pelagic fish would be spared from ocean 
catch; at 14% inclusion, 905 MT would be spared; and at 21%, 1,357 
MT would be spared. Therefore, there is less potential for BSFL to 
spare pelagic fish from ocean catch when integrated in Whiteleg 
Shrimp diets compared to Atlantic Salmon or Rainbow Trout, likely 
due to the size and intake of Whiteleg Shrimp versus other farmed 
aquaculture species.

By integrating BSFL in the diets of three major farmed fish 
species in the U.S. (i.e., Atlantic Salmon, Rainbow Trout, and 
Whiteleg Shrimp) at the maximum dietary levels that did not 
sacrifice fish performance, there is potential to spare approximately 
41,000 MT of ocean catch pelagic fish from fish meal and fish oil 
production (Table 8). Based on aquaculture production from the 
Food and Agriculture Organization (FAO) (2021), the three farmed 
fish species in our study account for approximately 14% of all 
farmed carnivorous fish and crustaceans in the U.S. Therefore, the 

TABLE 3 Metric tons of pelagic fish from ocean catch used for fish oil 
with varying inclusions of Black Soldier Fly larvae (BSFL) in the diet of 
Atlantic Salmon (Salmo salar)1.

0% BSFL 8% BSFL 16% 
BSFL

32% 
BSFL

Peruvian 

Anchoveta

16,687 14,462 12,237 6,675

Pacific Sardine 2,136 1,852 1,567 855

Chilean Jack 

Mackerel

1,963 1,701 1,440 785

Capelin 520 450 381 208

Atlantic Herring 1,328 1,151 974 531

Gulf Menhanden 1,444 1,251 1,059 577

Sand Lance 1,732 1,501 1,270 693

Blue Whiting 1,155 1,001 847 462

Japanese 

Anchovy

2,425 2,102 1,778 970

Atlantic 

Menhanden

924 801 677 370

Total 30,314 26,272 22,230 12,126

1Fish oil consumption from 2017 to 2019 was calculated and averaged across year then used 
for calculations.

TABLE 4 Metric tons of pelagic fish from ocean catch used for fish meal 
with varying inclusions of Black soldier fly larvae (BSFL) in the diet of 
Rainbow trout (Oncorhynchus mykiss)1.

0% BSFL 20% BSFL 40% BSFL

Peruvian Anchoveta 23,447 17,586 11,724

Pacific Sardine 3,002 2,251 1,501

Chilean Jack 

Mackerel

2,759 2,069 1,379

Capelin 730 548 365

Atlantic Herring 1,866 1,400 933

Gulf Menhanden 2,028 1,521 1,014

Sand Lance 2,434 1,825 1,217

Blue Whiting 1,623 1,217 811

Japanese Anchovy 3,408 2,556 1,704

Atlantic Menhanden 1,298 974 649

Total 42,595 31,947 21,297

1Fish meal consumption from 2017 to 2019 was calculated and averaged across year then 
used for calculations.

TABLE 2 Metric tons of pelagic fish from ocean catch used for fish meal with varying inclusions of Black Soldier Fly larvae (BSFL) in the diet of Atlantic 
Salmon (Salmo salar)1.

0% BSFL 8% BSFL 16% BSFL 32% BSFL

Peruvian Anchoveta 8,551 7,970 7,353 6,054

Pacific Sardine 1,095 1,020 941 775

Chilean Jack Mackerel 1,006 938 865 712

Capelin 266 248 229 189

Atlantic Herring 680 634 585 482

Gulf Menhanden 740 689 636 524

Sand Lance 888 827 763 628

Blue Whiting 592 552 509 419

Japanese Anchovy 1,243 1,158 1,069 880

Atlantic Menhanden 473 441 407 335

Total 15,534 14,477 13,357 10,998

1Fish meal consumption from 2017 to 2019 was calculated and averaged across year then used for calculations.

https://doi.org/10.3389/fsufs.2024.1297414
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Moore et al. 10.3389/fsufs.2024.1297414

Frontiers in Sustainable Food Systems 06 frontiersin.org

total spared pelagic fish could be greater than the amount estimated 
in our study.

Alder et al. (2008) estimated 20–30 million MT of fish are used to 
produce fish meal and fish oil globally every year. More recent 
estimates from the Food and Agriculture Organization (FAO) (2022) 
indicated that 17.7 million MT of finfish from ocean catch were 
reduced to fish meal and fish oil in 2018, representing 80% of finfish 
use for non-food purposes. The aquaculture industry is the major 
global consumer of fish meal and fish oil; other industries have 

historically utilized fish meal, although estimates are not well 
established. Malherbe (2005) estimated that fish meal and fish oil were 
utilized by the swine and poultry industries at 24 and 22% of global 
production, respectively, whereas the >Food and Agriculture 
Organization (FAO) (2015) estimated a reduced utilization of fish 
meal for both industries, 20% for swine and 5% for poultry. To have 
an impact on pelagic fish populations that translates to positive 
ecological, economic, and/or environmental outcomes, BSFL will 
likely need to be integrated into the diets of many farmed carnivorous 
fish species across several major aquaculture-producing countries.

The two most utilized pelagic fish taxa for fish meal and fish oil are 
the Peruvian Anchoveta and the Pacific Sardine (Cashion et al., 2017). 
Although populations of the Peruvian Anchoveta have rebounded or 
been compensated for by other pelagic fish species (Bakun et al., 2010), 
their biomass and carrying capacity are sensitive to environmental 
conditions (Bertrand et al., 2011) and climate change can severely 
reduce the maximum catch potential (Lam et al., 2016). As 98% of 
anchoveta landings are used to produce fish meal and fish oil, the use 
of pelagic fish for this production exacerbates the already severe 
children malnourishment situation in the Amazon and Andes regions 
and results in over-fishing (Majluf et al., 2017). Similarly, populations 
of the Pacific Sardine almost collapsed in 1950 due to a combination of 
worsening environmental conditions and over-fishing (Barnes et al., 
1992; Baumgartner et al., 1992). The sardine population recovered 
temporarily in the 1990s but began to decline again in the mid-2000s 
until a major fishery was closed in 2015 (Pacific Fishery Management 
Council, 2017). These incidences of population collapse are concerning 
given the many ecosystem services that pelagic fish provide, recently 
reviewed by Nissar et al. (2022).

Our data indicate that approximately 22,500 MT of Peruvian 
Anchoveta and 2,900 MT of Pacific Sardine could be  spared 
through utilizing BSFL in place of fish meal and/or fish oil in our 

TABLE 5 Metric tons of pelagic fish from ocean catch used for fish oil 
with varying inclusions of Black soldier fly larvae (BSFL) in the diet of 
Rainbow trout (Oncorhynchus mykiss)1.

0% BSFL 20% BSFL 40% BSFL

Peruvian Anchoveta 11,440 8,898 6,356

Pacific Sardine 1,465 1,139 814

Chilean Jack 

Mackerel

1,346 1,047 748

Capelin 356 277 198

Atlantic Herring 910 708 506

Gulf Menhanden 990 770 550

Sand Lance 1,188 924 660

Blue Whiting 792 616 440

Japanese Anchovy 1,663 1,293 924

Atlantic Menhanden 633 493 352

Total 20,783 16,165 11,548

1Fish oil consumption from 2017 to 2019 was calculated and averaged across year then used 
for calculations.

TABLE 6 Metric tons of pelagic fish from ocean catch used for fish meal 
with varying inclusions of Black soldier fly larvae (BSFL) in the diet of 
Whiteleg shrimp (Litopenaeus vannamei)1.

0% BSFL 7% BSFL 14% 
BSFL

21% 
BSFL

Peruvian 

Anchoveta

1,247 997 748 499

Pacific Sardine 160 128 96 64

Chilean Jack 

Mackerel

147 117 88 59

Capelin 39 31 23 16

Atlantic Herring 99 79 60 40

Gulf Menhanden 108 86 65 43

Sand Lance 129 104 78 52

Blue Whiting 86 69 52 35

Japanese 

Anchovy

181 145 109 72

Atlantic 

Menhanden

69 55 41 28

Total 2,265 1,811 1,360 908

1Fish meal consumption from 2017 to 2019 was calculated and averaged across year then 
used for calculations.

TABLE 7 Metric tons of pelagic fish from ocean catch used for fish oil 
with varying inclusions of Black soldier fly larvae (BSFL) in the diet of 
Whiteleg shrimp (Litopenaeus vannamei)1.

0% BSFL 7% BSFL 14% 
BSFL

21% 
BSFL

Peruvian 

Anchoveta

162 243 324 406

Pacific Sardine 21 31 42 52

Chilean Jack 

Mackerel

19 29 38 48

Capelin 5 8 10 13

Atlantic Herring 13 19 26 32

Gulf Menhanden 14 21 28 35

Sand Lance 17 25 34 42

Blue Whiting 11 17 22 28

Japanese 

Anchovy

24 35 47 59

Atlantic 

Menhanden

9 13 18 22

Total 295 441 589 737

1Fish oil consumption from 2017 to 2019 was calculated and averaged across year then used 
for calculations.
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modeled fish species, which could mitigate future population 
collapses. However, our findings could have over-emphasized the 
potential sparing effect of integrating BSFL as aquaculture feed on 
a given taxon because approximately half of the taxa of pelagic fish 
used for fish meal and fish oil production are not known or 
defined (Cashion et  al., 2017) and we  represented the top  10 
known taxa out of 100%.

In the last 15 years, insect farming has emerged as a rapidly scaling 
branch of agriculture; by 2030, the estimated output for the E.U. is 
250,000 MT annually (International Platform of Insects for Food and 
Feed (IPIFF), 2020). In the U.S., a BSFL-rearing facility was recently 
developed with an estimated annual output of 60,000 MT of insect 
protein and 20,000 MT of insect oil (Carpenter, 2020). While the cost 
of BSFL and other insect proteins is not currently known and/or 
cannot compete with conventional feeds, availability is expected to 
increase with concomitant decreases in cost. Further, E.U. and 
U.S. legislation approves of the use of insect-derived feed materials in 
aquaculture production (Official Journal of the European Union (EU), 
2017; Association of American Feed Control Officials (AAFCO), 
2021), although the E.U. is still investigating the safety of BSFL 
(Liguori et al., 2022). Ultimately, it is expected that adequate volumes 
of BSFL will soon be  available for integration in the aquaculture 
industry which should have positive sustainability benefits, given 
our data.

It is worth noting that, in the feeding trials we based our model on, 
diets were isonitrogenous, but not isoenergetic, and BSFL was 
substituted for fish meal and/or fish oil. For Atlantic Salmon (Nøkland, 
2019) and Rainbow Trout (Renna et al., 2017), dietary inclusion of both 
fish meal and fish oil decreased in accordance with increasing BSFL; 
however, for Whiteleg Shrimp, inclusion of fish meal decreased and fish 
oil increased with increasing BSFL (Cummins et al., 2017). It is unclear 
why certain researchers replaced fish oil with BSFL (Renna et al., 2017; 
Nøkland, 2019) while others increased fish oil in accordance with BSFL 
(Cummins et al., 2017). While the nutritional value of BSFL depends 
on the larval diet, it regularly contains 35% fat (Drewery et al., 2022), 

indicating it has potential to simultaneously displace both dietary fish 
meal and fish oil if it is not defatted. However, the fatty acid profile of 
BSFL is predominantly saturated, especially in medium-chain fats, 
while fish oil contains significant amounts of omega-3 polyunsaturated 
fatty acids that are not synthesized de novo and are, thus, a dietary 
requirement of many aquaculture species. It is likely that BSFL has 
more value to aquaculture production as a replacement for protein-rich 
fish meal, rather than fish oil.

Our data are limited in that we assumed the diets evaluated in 
the three feeding trials we  based on model on reflect those 
implemented in aquaculture production across the entire lifespan 
of each fish species. Additional data were not available with 
parameters necessary for our model (i.e., farmed fish species 
relevant to U.S. aquaculture, replacement of fish meal and/or fish 
oil with BSFL, reported fish growth and FCR) and not across 
different life stages (i.e., juvenile and adult). Further, while 
we  collected data that are important for efficient aquaculture 
production (i.e., FCR, fish growth, and survival rate), the reported 
outcomes may not be applied across all production scenarios. For 
example, while survival rate was not different across dietary 
treatment groups in previous research we  based our model on 
(Cummins et al., 2017; Renna et al., 2017; Nøkland, 2019), other 
studies document changes in survival, sometimes favorable, 
associated with BSFL supplementation to other farmed aquaculture 
species (Alvanou et al., 2023).

We encourage further in vivo feeding trials of BSFL across 
different aquaculture species and life stages with attention to growth 
and FCR. As these data become available, they can be  evaluated 
through the model described here to estimate the potential impact of 
using BSFL as a dietary substitute to spare ocean catch pelagic fish. 
We also encourage the development of a similar model as ours for 
other livestock industries that are major consumers of fish meal and 
fish oil (i.e., swine, poultry). Finally, a cost–benefit analysis should 
be conducted, focusing on the net benefit of BSFL substitution for 
conventional protein feeds in livestock diets.

TABLE 8 Metric tons of pelagic fish spared from ocean catch with varying inclusions of Black soldier fly larvae (BSFL).

Atlantic Salmon Rainbow Trout Whiteleg Shrimp

8% BSFL 16% BSFL 32% BSFL 20% BSFL 40% BSFL 7% BSFL 14% BSFL 21% BSFL

Peruvian Anchoveta 2,225 4,450 10,012 5,861 11,723 250 499 748

Pacific Sardine 284 569 1,281 751 1,501 32 64 96

Chilean Jack 

Mackerel 262 523 1,178 690 1,380 30 59 88

Capelin 70 139 312 182 365 8 16 23

Atlantic Herring 177 354 797 466 933 20 39 59

Gulf Menhanden 193 385 867 507 1,014 22 43 65

Sand Lance 231 462 1,039 609 1,217 25 51 77

Blue Whiting 154 308 693 406 812 17 34 51

Japanese Anchovy 323 647 1,455 852 1,704 36 72 109

Atlantic 

Menhanden 123 247 554 324 649 14 28 41

Total 4,042 8,084 18,188 10,648 21,298 454 905 1,357
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