
Sustainable insect feed in shrimp 

aquaculture: Challenges and opportunities 

in research and practical implementation 
 

Dissertation 

 
zur Erlangung des akademischen Grades 

Doktor der Naturwissenschaften 

— Dr. rer. nat. — 

 

angefertigt am 

Institut für Allgemeine und Spezielle Zoologie 

am Fachbereich 08 – Biologie und Chemie 

der Justus-Liebig-Universität Gießen 

 

 vorgelegt von  

Annalena Barth, M. Sc.  

Gießen, 06.02.2026 

 

 

 

  



II 

 

Prüfungskommission | Examination board 

Betreuer | Supervisor, 1. Gutachter | 1st Reviewer 

Prof. Dr. Thomas Wilke1 

 

2. Gutachter | 2nd Reviewer 

Prof. Dr. Martin Rühl2 

 

 

aus dem Fachbereich 08 – Biologie und Chemie | from faculty 08 – Biology and Chemistry 

1Institut für Allgemeine und Spezielle Zoologie | Department of General Zoology and 

Systematics 

2Institut für Lebensmittelchemie und Lebensmittelbiotechnologie | Department of Food 

Chemistry and Food Biotechnology 

 

 

 

 

Eingereicht am | Submitted on: 06.02.2026 

Deutscher Titel | German title: Nachhaltiges Insektenfutter in der Garnelenaquakultur: 

Herausforderungen und Chancen in Forschung und praktischer Umsetzung 

Zitiervorschlag | Please cite as 

Annalena Barth (2026), Sustainable insect feed in shrimp aquaculture: Challenges and 

opportunities in research and practical implementation, Dissertation zur Erlangung des 

akademischen Grades „Doktor der Naturwissenschaften” des naturwissenschaftlichen 

Fachbereichs 08 – Biologie und Chemie der Justus-Liebig-Universität Gießen, Deutschland 

  



III 

 

 

“You cannot get through a single day without having an impact on the world around you. 

What you do makes a difference, and you have to decide what kind of difference you want to 

make.”  

– Jane Goodall  

 

©C.Anding 



IV 

 

Table of Contents 

 

1 Synthesis ............................................................................................................................ V 

1.1 Abstract ..................................................................................................................... V 

1.2 Zusammenfassung .................................................................................................... VI 

1.3 Introduction ................................................................................................................ 1 

1.3.1 Shrimp aquaculture & sustainability crisis ................................................................ 1 

1.3.2 Ecological Sustainability of Insect-Based Shrimp Feeds .......................................... 2 

1.3.3 Methodological Challenges in Feeding Trials ........................................................... 6 

1.3.4 Practical Implementation and Circular Economy Integration.................................... 8 

1.3.5 Scope and aims ........................................................................................................ 10 

1.4 Publications outlined ................................................................................................ 11 

1.5 Discussion ................................................................................................................ 13 

1.5.1 Sustainability challenges in using insects as shrimp feed ........................................ 13 

1.5.2 Reproducibility and comparability of feeding trials ................................................ 15 

1.5.3 Circular economy and practical implementation ..................................................... 16 

1.5.4 Limitations and future directions ............................................................................. 19 

1.6 Conclusions and outlook .......................................................................................... 20 

1.7 References ................................................................................................................ 21 

2 Publications ....................................................................................................................... 29 

2.1 1st publication: Insect feed in sustainable crustacean aquaculture ........................... 29 

2.2 2nd publication: Broad acceptance of sustainable insect-based shrimp feeds requires 

reproducible and comparable research ................................................................................. 53 

2.3 3rd publication: From Plant By-Products to Insects to Shrimp: A Pathway to 

Sustainable Aquaculture Feed in a Circular Economy ......................................................... 77 

3 Appendix ........................................................................................................................... 90 

3.1 Supplementary tables of the 2nd Paper .................................................................... 90 

3.2 Additional publications ............................................................................................ 97 

3.3 Conference contributions ......................................................................................... 97 

4 Acknowledgements ........................................................................................................... 98 

5 Affidavit .......................................................................................................................... 100 

 



V 

 

1 Synthesis 

1.1 Abstract 

Aquaculture is a growing global food production sector that aims to meet the increasing demand 

for human dietary protein. Crustaceans are an important part of aquaculture, particularly the 

Pacific white shrimp (PWS; Penaeus vannamei). Shrimp farming often has a large ecological 

footprint, partly due to the fishmeal content in commercial aquafeed. An opportunity to improve 

sustainability and move towards a circular economy would be replacing fishmeal in aquafeeds 

with insects, such as the black soldier fly larvae (BSF; Hermetia illucens), reared on plant by-

products. However, limited data is available on the effects of novel plant by-products on the 

growth performance of BSF larvae and in turn on shrimp. Research into BSF-based feed is in 

its infancy, and the few existing studies show inconsistent results regarding shrimp growth 

performance. Although some of these discrepancies can be attributed to the properties of the 

insect feed used, other unknown factors are probably influencing the results. Therefore, this 

dissertation aims to assess challenges and opportunities in using insects as a sustainable feed in 

shrimp aquaculture research and practice. It covers key sustainability concerns, enhances the 

consistency and reproducibility of feeding trials, and offers a comprehensive view of practical 

application within the context of a circular economy. This dissertation demonstrates that BSF 

larvae are a promising, sustainable source of protein for shrimp farming. BSF larvae can 

efficiently convert plant by-products into high-quality protein. Feeding trials show that 

replacing up to 50% of fishmeal-based compound feed with BSF larvae achieves excellent feed 

conversion rates. However, the use of BSF meal in compound feed in industrial aquaculture 

offers greater potential. Furthermore, compliance with reporting guidelines and transparency 

will be essential for reproducibility and food safety when using insects as feed in the future. 

The implementation of circular economy concepts remains largely theoretical and depends on 

optimised rearing systems, increased inclusion rates, industrial scalability and economic 

profitability. Even though there are still challenges regarding scalability, regulation and 

consumer acceptance, BSF-based feed has great potential for commercial shrimp farming.  
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1.2 Zusammenfassung 

Die Aquakultur ist ein weltweit wachsender Bereich der Lebensmittelproduktion. Ihr Ziel ist 

es, den steigenden Bedarf an Proteinen für die menschliche Ernährung zu decken. Krebstiere 

sind ein wichtiger Bestandteil der Aquakultur, insbesondere die Pazifische Weißbeingarnele 

(PWS; Penaeus vannamei). Die Garnelenaquakultur hinterlässt jedoch oft einen großen 

ökologischen Fußabdruck, unter anderem aufgrund des Fischmehlanteils in kommerziellem 

Futter. Eine Möglichkeit, die Nachhaltigkeit zu verbessern und den Übergang zu einer 

Kreislaufwirtschaft zu fördern, wäre der Ersatz des Fischmehls im Futter. Dieses könnte durch 

Insekten, wie die Larven der Schwarzen Soldatenfliege (BSF; Hermetia illucens), substituiert 

werden. Die Larven können mit pflanzlichen Nebenprodukten aufgezogen werden. Allerdings 

liegen nur begrenzt Daten über die Auswirkungen neuartiger pflanzlicher Nebenprodukte auf 

das Wachstum von BSF-Larven und somit auf das Wachstum von Garnelen vor. Die Forschung 

zu Futtermitteln auf BSF-Basis steht noch am Anfang und die wenigen vorhandenen Studien 

zeigen uneinheitliche Ergebnisse hinsichtlich der Wachstumsleistung der Garnelen. Einige 

dieser Diskrepanzen können auf die Eigenschaften des verwendeten Insektenfutters 

zurückgeführt werden, jedoch beeinflussen wahrscheinlich auch andere unbekannte Faktoren 

die Ergebnisse. Auf Grund dessen zielt diese Dissertation darauf ab, die Herausforderungen 

und Chancen der Verwendung von Insekten als nachhaltiges Futtermittel in der Forschung und 

Praxis der Garnelenaquakultur zu beleuchten. Dabei werden wichtige Nachhaltigkeitsaspekte 

behandelt, die Einheitlichkeit und Reproduzierbarkeit von Fütterungsversuchen verbessert und 

ein umfassender Überblick über die praktische Anwendung im Kontext einer 

Kreislaufwirtschaft geboten. Die Arbeit zeigt, dass BSF-Larven eine vielversprechende 

Proteinquelle für die Garnelenaquakultur darstellen. BSF-Larven können pflanzliche 

Nebenprodukte effizient in hochwertiges Protein umwandeln. Fütterungsversuche zeigen, dass 

durch den Ersatz von bis zu 50% des Fischmehl-basierten Futters durch BSF-Larven 

hervorragende Futterverwertungsraten erzielt werden. Die Verwendung von BSF-Mehl in 

Mischfuttermitteln in der industriellen Aquakultur bietet jedoch ein größeres Potential. Damit 

die Verwendung von Insekten als Futtermittel zukünftig sicher ist und die Ergebnisse 

reproduzierbar sind, ist es entscheidend, dass die Berichterstattungsleitlinien beachtet werden 

und Transparenz herrscht. Die Umsetzung von Kreislaufwirtschaftskonzepten ist nach wie vor 

weitgehend theoretisch und hängt von optimierten Aufzuchtsystemen, erhöhten Ersatzraten, 

industrieller Skalierbarkeit und wirtschaftlicher Rentabilität ab. Trotz der noch bestehenden 

Herausforderungen in Bezug auf Skalierbarkeit, Regulierung und Verbraucherakzeptanz hat 

BSF-basiertes Futter großes Potential für die kommerzielle Garnelenaquakultur.  
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1.3 Introduction 

1.3.1 1.3.1 Shrimp aquaculture & sustainability crisis 

Aquaculture provides a crucial alternative to traditional fishing, given the alarming rate at which 

marine life is being depleted. As a consequence, aquaculture has become one of the fastest 

growing sectors of the food industry, characterised by an increasing intensification in farming 

practices (Fantatto et al., 2024). The annual production of aquaculture accounts for 

approximately 94.4 million tons, which is half of the aquatic production worldwide (Sharma et 

al., 2025). In light of the growing global human population (Kumar et al., 2022), proteins from 

marine sources that are particularly rich in polyunsaturated fatty acids (PUFA’s), minerals and 

vitamins (Dîrvariu et al., 2025) are essential for global food security. Nevertheless, this 

intensification of production has both advantages and disadvantages, with significant 

consequences for the environment. Aquaculture increases greenhouse gas emissions (Yuan et 

al., 2019), massive habitat destruction and overfishing of feed species (Pauly et al., 2002) and 

social problems such as increasing inequalities and injustice (Brugere et al., 2023). The reliance 

on fishmeal and fish oil as feed ingredients for many of the farmed aquaculture species, 

especially marine species, can lead to economic vulnerability due to the volatility of feed costs 

and can constrain growth (Naylor et al., 2000). Furthermore, aquaculture might significantly 

disrupt natural fish stocks by introducing parasites and pathogens, as well as altering the gene 

pool through escapees, which has clear economic consequences, for example in the case of 

salmon in Norway (Olaussen, 2018). Nevertheless, aquafeed is responsible for approximately 

90% of the ecological impact of fed aquaculture (Little et al., 2018).  

Similar challenges have also been observed in crustacean aquaculture, which accounts for 9% 

of the global aquaculture production (Röthig et al., 2023), in which the Pacific white shrimp 

(PWS; Penaeus vannamei, Boone, 1931) is the predominant species, with an annual production 

of 6.8 million tons (Barth, Bendag, et al., 2025). The majority of PWS farming takes place in 

coastal regions, where vast areas of mangrove forests are cleared and destroyed to construct 

extensive shrimp farming ponds (Noguera-Muñoz et al., 2021). Alternatively, some production 

occurs in modern closed recirculation aquaculture systems, which, while reducing habitat 

destruction, require significant energy inputs (Röthig et al., 2023). In relation to the three pillars 

of sustainability (environmental, economic and social dimensions), several disadvantages 

associated with shrimp farming become evident. The environmental impacts, which are 

significant, manifest across a variety of dimensions, including land use, habitat loss, water 

quality degradation, biodiversity loss, and soil and ecosystem concerns (Ahmad et al., 2022). It 
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is important to note that the effect varies depending on the production system (intensive vs 

extensive), type of feed utilised and the application of pesticides and antibiotics (Ahmad et al., 

2022; Gan et al., 2024; Li et al., 2024). Economically, challenges arise from long-distance 

transportation and high energy consumption (Barth, Bendag, et al., 2025). Moreover, escalating 

feed costs and disease related losses exert pressure on the profitability and economic resilience 

of farms (Villarreal, 2023). The intensification of shrimp farms, characterised by higher 

stocking densities and technological innovations, has the potential to enhance productivity. This 

approach requires substantial capital investment, higher operating costs and entails risks 

(Villarreal, 2023). Socially, shrimp farming in coastal areas generates significant income and 

employment opportunities, but it consistently favours landowners and wealthy investors, 

intensifying local inequality and accelerating the conversion of agricultural land for aquaculture 

(Husni et al., 2023; Macusi et al., 2022; Roy et al., 2024; Taher et al., 2023; Xuan et al., 2021). 

In the Sundarbans, 91% of agricultural land has been converted into shrimp ponds (Taher et al., 

2023). Even though shrimp farming in Indonesia increased community incomes, investment 

capital and infrastructure were distributed unequally (Husni et al., 2023). In Vietnam, 

productivity and profitability vary greatly depending on the production system, highlighting the 

effect that education, feed management and environmental hazards such as flooding and 

pollution have on performance (Roy et al., 2024). However, external environmental pressures 

(salinisation, mangrove destruction and wastewater pollution) compromise food security and 

increase the vulnerability of landless households (Taher et al., 2023). Furthermore, weak 

governance, uncertain land tenure, market volatility and limited organisation among 

smallholders restrict the equal distribution of profits along the value chain (Husni et al., 2023; 

Taher et al., 2023). Shrimp farming can potentially improve people’s lives in rural areas, if it is 

done sustainably. This requires strong policies, the protection of land rights, environmental 

protection measures, and support for farmers to ensure the sector grows sustainably and 

equitably (Husni et al., 2023; Roy et al., 2024; Taher et al., 2023).  

 

1.3.2 Ecological Sustainability of Insect-Based Shrimp Feeds 

A further noticeable issue pertains to the utilisation of shrimp feed, it is estimated that 90% of 

crustacean aquaculture production relies on formulated compound feeds (Malcorps et al., 2019), 

which represent a significant portion of total production costs, estimated at 50-70% (Ferrer 

Llagostera et al., 2019; Gong et al., 2019). The composition of these compound feeds typically 

includes proteins, carbohydrates, lipids, vitamins, minerals, pigments and additives to optimise 
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growth, increase appetite, reduce stress and boost the immune system (Röthig et al., 2023). One 

of the most important components in this regard is fishmeal, followed by soybean meal as 

protein source. Fishmeal is a high-quality protein source with excellent digestibility and 

palatability. It provides all essential amino acids required for shrimp growth, as well as vitamins 

(A, D, E, B12), minerals (Ca, P) and polyunsaturated fatty acids (PUFA’s) (Hussain et al., 

2024). However, the production causes serious environmental, economic and social concerns. 

One third of global fish stocks are harvested unsustainably and 60% at maximum capacity 

(Sharma et al., 2025). It also carries the risk of transmitting marine pathogens, creates additional 

transport routes and increases emissions (Barth, Bendag, et al., 2025; Barth, Stelbrink, et al., 

2025). The rising fish consumption of wealthier consumers often shifts small fishes away from 

vulnerable communities (Röthig et al., 2023). Aquaculture already consumes over 70% of 

fishmeal and fish oil (Hua et al., 2019), and demand is expected to exceed supply by 2050. 

Furthermore, the quality of the meal is decreasing as consumption increases (Froehlich et al., 

2018; Hua et al., 2019). Rising prices, which have tripled since 2000, are predicted to continue, 

resulting in a significant increase in the cost of fishmeal and fish oil by 2030 (Röthig et al., 

2023). Consequently, the development of sustainable and environmentally friendly feed is 

essential for the sustainability of shrimp farming.  

The urgency to address this challenge has led to the exploration of alternative and sustainable 

shrimp feeds, particularly those incorporating insect-based diets, such as those derived from the 

black soldier fly (BSF; Hermetia illucens) (Röthig et al., 2023). A cosmopolitan fly that is 

present in tropical, subtropical and tempered regions worldwide, and is usually farmed 

extensively (Guilliet et al., 2022). BSF larvae are grown by the majority of insect farmers in 

Europe (Derrien & Boccuni, 2018). The primary product are late larval stages, and the nutrient-

rich larval meal is fed to aquaculture, livestock and poultry (Henry et al., 2015; Makkar et al., 

2014; Spranghers et al., 2017). All stages of this insect´s life cycle – from egg to adult fly 

(imago) – are cultivated for the purpose of producing larvae, which in turn produces certain by-

products (Fricke et al., 2024). Specialised digestive enzymes and nutrient- absorbing microvilli 

in the midgut of BSF larvae are essential for enzymatic digestion. Their mandibular maxillary 

complex is strong enough to handle semiliquid food, while gut microbes such as Enterococcus 

and Bacillus facilitate the digestion of complex organic materials, absorb nutrients and provide 

antimicrobial defence, thereby increasing overall biological resistance (Tariq et al., 2025). The 

promising attributes of BSF include rapid reproduction, low risk as disease vectors, versatility 

in substrate utilization, a high protein content of 50-60%, an amino acid profile comparable to 

fishmeal, suitability for vertical farming, a short production cycle and ability to be reared locally 
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(Barth, Bendag, et al., 2025), especially in tropical and subtropical regions (Da Silva & 

Hesselberg, 2020). Depending on the substrate and surrounding conditions, BSF larvae can 

minimise organic waste by up to 84.5% and reach feed conversion ratios of about 16% (Tariq 

et al., 2025). These characteristics contribute to its suitability as a protein source (Figure 1). 

Genomic research indicates a diverse spectrum of detoxifying enzymes, immune-related genes 

and metabolic pathways for amino acid and lipid production, allowing the BSF to thrive in 

harsh conditions. Additionally, they contain antimicrobial peptides (AMP’s) and chitin which 

may stimulate the immune response upon insect-derived feeding (Koutsos et al., 2022). 

However, the integrity and efficacy of these compounds can be compromised by the choice of 

substrate and the processing methods employed (Vogel et al., 2018). Furthermore, the BSF is a 

genetically highly diverse taxon with a complex phylogeographical structure and increasing 

regional domestication across the globe (Barth, Stelbrink, et al., 2025). One major disadvantage 

of BSF larvae is their high fat content and fatty acid composition, as they contain few omega-3 

fatty acids but have a high content of saturated fatty acids (Fantatto et al., 2024). The nutritional 

composition of BSF larvae is affected by factors such as their developmental stage, feeding 

medium, rearing conditions and post-processing. The substrate has negligible influence on the 

crude protein content and the amino acid profile of the larvae, whereas the fat and ash content 

appear to be related to the rearing substrate (Spranghers et al., 2017; Tegtmeier et al., 2021). In 

addition, it was shown that the substrate composition affects the growth and survival of the BSF 

larvae (Broeckx et al., 2021; Klüber et al., 2022; Tegtmeier et al., 2021). This variability offers 

opportunities for the food and feed industry. By managing the feed composition and collection 

timing, tailored products with optimized nutritional profiles can be developed for human diets, 

aquaculture, or animal feeds (Huseynli et al., 2023). To date, only the use of bran and a bran-

cereal mixture as BSF substrates has been described in shrimp feeding trials (He, Liu, et al., 

2022; Richardson et al., 2021), apart from one study by Wang et al. (2021) in which kitchen 

waste was used. 
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Figure 1: Sustainable, insect-based crustacean aquaculture: A conceptual overview. The environmental sustainability of 

production and the profitability of the value chain are affected by specific features of the rearing system, health aspects and 

aquafeed compounds (gray arrows). Green arrows represent interactions that have a positive effect on profitability and/or 

sustainability, while red arrows represent those with a negative effect. Legal and socioeconomic restriction (not displayed) 

further govern all these factors. GHG = greenhouse gas. RAS = recirculating aquaculture system. (Röthig et al., 2023) 

Particularly the exploration of sustainable substrates for insect rearing becomes crucial in 

addressing the potential environmental repercussions associated with current practices. 

Approximately one-third of the global food production is lost or wasted annually, with the 

highest losses in roots, tubers oil-bearing crops, fruits and vegetables (47%). Food loss occurs 

during all stages of production and at consumer level (Cattaneo et al., 2024). Using agricultural 

by-products and food industry side streams to produce insects recovers nutrients that would 

otherwise be lost (Magee et al., 2021; van Huis, 2020). In addition, it reduces the water footprint 

(Joly & Nikiema, 2019; Rumpold & Schlüter, 2013) and land loss compared to plant proteins 

(Salomone et al., 2017), making protein production more sustainable. Consequently, research 

have started to explore previously underutilized plant by-products as feed for BSF with an 

attempt to optimize the larvae's nutritional profile. Compared to natural microbial 

decomposition, this process emits 70% less CO2, and it also offsets some of the environmental 

impact of the shrimp production (Röthig et al., 2023). Particularly the by-products from the 

food production are of interest, since those are available in large quantities and have a low 

economic value (Nayak et al., 2024). Plant materials like cocoa bean shells, apple pomace and 
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potato peelings are accessible worldwide and can be used as feed for BSF larvae either directly 

or after slight processing (Barth, Bendag, et al., 2025). However, there are some potential risks 

and trade-offs with using plant by-products. On the one hand, there is a nutritional variability 

when reared on low-value plant by-products which can lead to reduced larval growth. On the 

other hand, there is a risk for substrate derived contaminants (toxins and heavy metals) (Barth, 

Bendag, et al., 2025). Recent findings, show that BSF can reduce antibiotic resistance genes 

(ARGs) and pathogens in biosolids. This highlights how valuable BSF are for eco-friendly 

treatment of organic residues (Tariq et al., 2025).  

 

1.3.3 Methodological Challenges in Feeding Trials 

Current research shows that BSF meal and BSF larvae are the most studied insect-based protein 

sources for PWS. For BSF larvae, protein-rich substrates improve growth and conversion rates. 

However, a high fibre content or an imbalance of nutrients can negatively impact performance 

(Barth, Stelbrink, et al., 2025; Tariq et al., 2025). Both processed and fresh forms of BSF can 

partially replace fishmeal in shrimp compound feeds without compromising growth or survival 

up to certain inclusion levels shown in Figure 2 (Barth, Stelbrink, et al., 2025). Processed 

defatted BSF meal can replace 60% of the total protein source without negative effects (Wang 

et al., 2021) whereas, non-defatted BSF meal is limited to 25-30% (Chen et al., 2022; Cummins 

et al., 2017), while BSF larvae can replace up to 50% of the total compound feed (Barth, 

Bendag, et al., 2025; He, Liu, et al., 2022). Nevertheless, replacement rates below 50% still can 

negatively impact the health if not balanced in composition (Chen et al., 2022; Cummins et al., 

2017). Especially the fatty acid composition, in particular the omega-3 and omega-6 fatty acid 

balance, significantly affecting the shrimp growth and survival performance (Chen et al., 2021, 

2022; He, Liu, et al., 2022).  
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Figure 2: Replacement of fishmeal or fishmeal-based feed without negative effects on shrimp based on literature (November 

2025), orange indicates the fishmeal part and green indicates the BSF part. Under each circle is given in which form the BSF 

were fed.  

However, current research faces a major limitation, as it lacks in comparability between the 

studies since there are a variety of potentially modulation factors which remain unidentified. 

The various methods used in different studies demonstrate the importance of standardised 

protocols for ensuring consistent comparisons, as well as the practical application of BSF-based 

feed for shrimp and their ability to recycle nutrients from plant by-products. Therefore, it is 

essential to have as much information as possible for comparison and reproducibility of those 

trials. In particular, information about the BSF larvae or meal as age, genetics, substrate and 

processing are missing (Barth, Stelbrink, et al., 2025). The age of the larvae at harvest is an 

essential factor, as the nutritional composition of the larvae changes during development. As 

they mature, the larvae accumulate more fat, and the protein content reduces (Schneider et al., 

2025). Given the genetic heterogeneity of BSF, it is possible that this affects the nutrient 

composition of the larvae and utilization of substrates (Barth, Stelbrink, et al., 2025). Depending 

on how the BSF larvae are processed, their nutrition profile may be modified. Furthermore, it 

is unknown to what extent bioactive compounds such as AMP’s are altered (Vogel et al., 2018). 

In this regard, the implementation of standard reporting guidelines for future studies, as 

proposed by Barth, Stelbrink, et al. (2025) and Deruytter et al. (2025), would be beneficial. 

These guidelines could enhance the comparability of research, facilitating the detailed reporting 

of insect and shrimp genotypes, age, feed, processing, environment and experimental setup. 

Additionally, it would be adventurous to encourage transparency via open data and alignment 

with aquafeed reporting norms (Barth, Stelbrink, et al., 2025).  
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1.3.4 Practical Implementation and Circular Economy Integration 

The circular economy model attempts to eliminate waste and pollution by decoupling economic 

growth from environmental effect (Nobre & Tavares, 2021). A roadmap for a clean, circular 

economy is outlined in the European Green Deal, which is in line with the Sustainable 

Development Goals (SDGs) of the UN. As part of this strategy the European Union has 

developed a Circular economy action plan, which, among other goals, seeks to reduce food loss 

and waste (Röthig et al., 2023). Insects are directly related with seven of the 17 SDGs and 

indirectly with another six (Moruzzo et al., 2021), and they are recognized as an important 

component in closing organic material cycles (Huis et al., 2013). The European Union (EU) has 

permitted the utilisation of proteins from seven insect species for aquaculture 1) Black soldier 

fly (H. illucens), 2) Housefly (Musca domestica), 3) Yellow mealworm (Tenebrio molitor), 4) 

House cricket (Acheta domesticus), 5) Tropical house cricket (Gryllodes sigillatus), 6) 

Jamaican field cricket (Gryllus assimilis) and 7) Lesser mealworm (Alphitobius diaperinus) 

(EC Regulation (EU) 2017/893). The European Commission's Directive No. 2008/98 gives 

management options for by-products priority, placing more emphasis on recovery, reuse, 

recycling and prevention than on disposal (Broeckx et al., 2021). It takes close examination to 

comprehend EU regulations regarding insect-based feeds in aquaculture. The use of proteins 

from BSF as feed for aquaculture (EC Regulation (EU) 2017/893), poultry, and pig farming has 

been approved by the EU (EC Regulation (EU) 2021/1372). Producers of insects and their 

derivatives are subject to regulatory obligations under EU legislation on animal by-products; 

however, live insects for feed are exempt (Regulation No. 142/2011). Regulatory challenges 

remain in the United States, while in nations that have historically supported entomophagy, 

laws are more receptive to new insect products (Röthig et al., 2023).  

Overall insect production in Europe was estimated to be 2000 metric tons in 2018 (Fricke et al., 

2024) and potential 1,5 million metric tons by 2030 and is expected to exceed 23 million tons 

worldwide (Elleby et al., 2021). Insects are perfect nutrient recyclers which turning waste into 

high-value protein while generating co-products such as chitin, AMP’s and insect frass as 

fertilizer. Despite the potential of insect-fed shrimps in terms of health and sustainability 

branding, the consumer acceptance is dependent on transparency and trust in safety 

certifications, including those based on established regulations (Röthig et al., 2023). The 

industrial scalability of BSF systems is limited by a variety of issues, including heavy metal 

bioaccumulation, regional variations in nutritional output depending on substrate composition 

and a lack of regulatory clarity (Tariq et al., 2025). Incorporation of the insect-based feed must 

fit to the different shrimp farming operations so that it does not interfere with established 
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operations (Röthig et al., 2023). However, most research to date remains lab-scale and 

upscaling to industrial compound feed might change the preservation of nutrients, digestibility, 

overall feed quality and requires further assessment (Fantatto et al., 2024). In terms of 

socioeconomic considerations, shrimp farming in coastal areas has provided an essential 

income for those communities historically. The inclusion of insect-based feed would add local 

economic value since it can be managed by small or medium companies, with the use of local 

plant by-products (Röthig et al., 2023). However, the high initial capital requirements for insect 

farming infrastructure and processing may prohibit access to larger industrial operations 

without presence of financial incentives or designated pathways (Barth, Bendag, et al., 2025). 

Current BSF production is expensive compared to fishmeal and soybean meal production, with 

labour and the used substrate accounting for ~90% of costs (Tariq et al., 2025). Government 

incentives, such as waste management fiscal policies, could, nevertheless, aid in lowering these 

expenses (Matheson, 2022). However, the future of the aquaculture industry is uncertain due to 

factors like macroeconomic constraints, changing trade laws and climate change, all of which 

could affect markets and production. Strong governance, prudent aquaculture expansion, and 

research and innovation spending can help to reduce these risks (Engle & van Senten, 2022). 
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1.3.5 Scope and aims 

Based on the recent state of research and its knowledge gaps, this doctoral thesis aims to assess 

problems and opportunities in using insects as a sustainable feed in shrimp aquaculture. The 

first publication (Chapter 2.1) covers the general challenges and chances of using insects as an 

alternative protein for crustaceans (Specific objective 1). Building on this, comparability and 

reproducibility of the use of insects as feed are main topics in the second publication (Chapter 

2.2). For this purpose, a best practice study was conducted and compared with the current 

literature in order to develop reporting guidelines to enable effective future research (Specific 

objective 2). The third publication (Chapter 2.3) provides a deeper understanding of the 

practical application of BSF larvae within the framework of the circular economy. It provides 

a comprehensive investigation of the use of BSF larvae reared on plant by-products as 

sustainable shrimp feed (Specific objective 3).  

Specific objectives: 

1) To address sustainability challenges in using insects as shrimp feed. 

2) To increase the comparability and reproducibility of shrimp feeding studies.  

3) To provide a holistic perspective on a practical implementation within the context of 

a circular economy. 
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1.4 Publications outlined 

This cumulative dissertation is based on two scientific research articles and one review that 

have been published or accepted for publication in renowned, peer-reviewed scientific journals. 

The dissertation topic was addressed in the review, which provided a literature review on the 

sustainable insect-based crustacean aquaculture (Specific objective 1). Building on this, the first 

article, which is a best practice study on insect-based feed for shrimp, focuses on issues of 

comparability and reproducibility in the use of insects as feed (Specific objective 2). The second 

article, which is a holistic study of the use of BSF larvae as sustainable shrimp feed, provides 

deeper insights into the practical implementation of BSF within the context of circular economy 

(Specific objective 3).  

 

1st publication  

Röthig, T.; Barth, A.; Tschirner, M.; Schubert, P.; Wenning, M.; Billion, A.; Wilke, T.; 

Vilcinskas, A. Insect feed in sustainable crustacean aquaculture. J. Insects Food Feed. 2023, 

9, 1115–1138. https://doi.org/10.3920/JIFF2022.0117 

The full article can be found in Chapter 2.1.  

Contributions of the author of the dissertation: 

Investigation  Contributed to literature collection 

Visualization  Developed figures and tables 

Writing – Original Draft  Contributed to writing and editing 

 

2nd publication 

Barth, A.; Stelbrink, B.; Klüber, P.; Schubert, P.; Bendag, S.; Wilke, T. Broad acceptance of 

sustainable insect-based shrimp feeds requires reproducible and comparable research. Aquac. 

Int. 2025, 33, 101. https://doi.org/10.1007/s10499-024-01769-w 

The full article can be found in Chapter 2.2.  

Contributions of the author of the dissertation: 

Formal Analysis  Statistical analysis 

Investigation  Contributed to data collection 

Methodology  Contributed to development of methodology 
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Project administration  Contributed to research activity planning and execution 

Visualization  Developed figures and tables 

Writing – Original Draft  Writing initial draft 

 

3rd publication 

Barth, A.; Bendag, S.; Klüber, P.; Kreft, D; Schubert, P.; Tegtmeier, D.; Wilke, T. From Plant 

By-Products to Insects to Shrimp: A Pathway to Sustainable Aquaculture Feed in a Circular 

Economy. Aquaculture Nutrition. 2025, 1. https://doi.org/10.1155/anu/7288318 

The full article can be found in Chapter 2.3.  

Contributions of the author of the dissertation: 

Formal Analysis  Statistical analysis 

Investigation  Contributed to data collection 

Methodology  Contributed to development of methodology 

Project administration  Contributed to research activity planning and execution 

Visualization  Developed figures and tables 

Writing – Original Draft  Writing initial draft 
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1.5  Discussion 

The use of insects, especially BSF larvae, as sustainable feed in shrimp aquaculture presents 

both opportunities and concerns. BSF larvae can convert plant by-products into high-protein 

biomass, thereby reducing the ecological footprint associated of standard fishmeal-based feeds 

(Röthig et al., 2023). However, the nutritional composition of BSF larvae is highly dependent 

on the substrate utilized, the processing method and the larval age, which can make it difficult 

to achieve consistent outcomes in terms of shrimp growth performance (Barth, Bendag, et al., 

2025).  Furthermore, feeding trials are difficult to compare due to a lack of standardised 

protocols, incomplete reporting of BSF larvae rearing parameters and inconsistencies in 

experimental design (Barth, Stelbrink, et al., 2025). Despite these limitations, incorporating 

insect-based feed into circular aquaculture systems has the potential to increase sustainability, 

close nutrient loops and support decentralised feed production.  

 

1.5.1 Sustainability challenges in using insects as shrimp feed 

The nutritional composition of BSF larvae plays a key role when they are used as feed for 

shrimp. Especially the protein and fat content, as well as the type of fatty acids, are particularly 

important. Those parameters are influenced by the type of feeding substrate of the BSF larvae 

(Röthig et al., 2023). Plant by-products with a low-fat content, like apple pomace and potato 

peeling, lead to a reduced fat content within the BSF larvae compared to a grain-based control 

substrate (Barth, Bendag, et al., 2025). In a study by Broeckx et al. (2021), BSF larvae were fed 

twelve different by-products, including apple pulp, and their performance was compared to a 

grain-based substrate (chicken mash). They observed a positive correlation between substrate 

protein content and growth (Broeckx et al., 2021). Additionally, it has been observed that 

whereas protein-rich substrates increase the protein content, carbohydrate-rich substrates cause 

the larvae to accumulate more lipids (Dîrvariu et al., 2025). However, the BSF larvae showed 

overall poor growth rates resulting in a low final weight (0.04 g) when fed with apple pomace 

(Barth, Bendag, et al., 2025), which is consistent with studies by Bonwoo Koo et al. (2023) 

0.08 g, Broeckx et al. (2021) 0.04 g and Ribeiro et al. (2022) 0.01-0.03 g. This could be due to 

the high tannin content or possible anti-nutritional phenolic compounds in apple pomace. 

Additionally, the high crude fibre and cellulose content could influence digestive processes 

(Ribeiro et al., 2022). The use of apple pomace in combination with bran or a mixture with 

other fruits and vegetables showed a higher growth performance (Barbi et al., 2020; Horgan et 

al., 2023; Lalander et al., 2019). In a mixture of fruits and vegetables (consisting of 50% lettuce, 
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30% apples and 20% potatoes) (Lalander et al., 2019), the BSF larvae developed similarly to 

larvae reared on apple pomace. Nevertheless, the prepupae grew larger compared to other 

protein-rich substrates (Lalander et al., 2019).  Protein rich plant by-products like cocoa bean 

shells, appear to be suitable for BSF larvae rearing, they lead to a high fat content in the larvae. 

Prior to feeding the larvae to shrimp it would need an additional processing step to defat the 

larvae which increases the energy consumption of the production (Barth, Bendag, et al., 2025). 

In contrast, cocoa pods have been shown to result in a decrease in growth rate of BSF (Dzepe 

et al., 2023). Combining cocoa pods with tithonia leaves (20% replacement) likewise led to 

improved growth and higher protein content in the larvae (Dzepe et al., 2023). The presence of 

steroidal alkaloids such as α-solanine and α-chaconine in potatoes (which belong to the 

nightshade family) necessitates extensive processing before use as livestock feed (Mulder et 

al., 2024). Despite this, no negative effects on BSF larvae have been observed (Barth, Bendag, 

et al., 2025). Future studies are required to ensure that there is no accumulation of steroidal 

alkaloids present and that they do not pass on through the food chain. Furthermore, the nutrient 

profile of plant by-products varies considerably depending on their place of origin and plant 

cultivar (Barth, Bendag, et al., 2025; Broeckx et al., 2021). Nevertheless, the growth rates of 

BSF larvae on plant by-products are lower compared to grain-based substrates, which could be 

due to toxins or a lack of nutrients (Barth, Bendag, et al., 2025). Consequently, the 

supplementation of plant by-products with specific essential amino acids that are missing may 

be instrumental in optimising their use as feed for BSF larvae and enhancing their growth 

performance (Barth, Bendag, et al., 2025). Therefore, micro- and macroanalysis of the plant by-

products are essential. Another possible solution for enhanced larval growth might be the 

combination of different plant by-products or in combination with grain instead of a mono-

substrate.  

However, when feeding BSF larvae (50% replacement of the fishmeal-based compound feed) 

reared on plant by-products to PWS no differences in growth rates were observed. Instead, the 

use of these larvae had a positive effect on the feed conversion ratio (FCR) (Barth, Bendag, et 

al., 2025). Comparable to the results of He, Liu, et al. (2022), where replacing 50% of the 

compound feed with BSF larvae (bran substrate) had no adverse effects on growth performance 

and survival rate, digestive enzyme activities and antioxidant enzyme activities. There were 

only two other studies in which the substrate of the BSF larvae was specified with defatted BSF 

meal. One study, conducted by Wang et al. (2021), found that it was possible to replace up to 

60% of fishmeal with defatted BSF larvae meal (kitchen waste substrate) without any adverse 

effects on the growth performance, antioxidant and immune enzyme activity and digestive 
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enzyme activity of the shrimp. The other study used a Food Grade GMP+ (wheat bran and 

cereal mill offal) certified substrate for rearing the BSF larvae. The researchers utilized defatted 

meal for the feeding trial, which led to improved growth of the shrimp (Richardson et al., 2021). 

The FCR from the two papers with defatted meal ranged between 1.1 – 1.4 (Richardson et al., 

2021; Wang et al., 2021), which is consistent with the FCR from the grain-based group from 

Barth, Bendag, et al. (2025). In a study by Motte et al. (2019), defatted meal from T. molitor 

(yellow mealworm) reared on vegetal feed material was shown to improve growth and feed 

conversion (best at 50% replacement), improve disease resistance and reduce 

immunosuppression in shrimp. In comparison to other studies that have employed BSF as a 

fishmeal substitute, in which the utilized substrate was not specified, there are notable 

differences. The utilization of non-defatted BSF meal has been observed to result in adverse 

effects on shrimp when the replacement exceeds 25-30% (Chen et al., 2021, 2022; Cummins et 

al., 2017). Similar findings were shown using full fat BSF larvae there were no adverse effects 

on the shrimp up to a replacement of 22.5% (Usman et al., 2021). However, the water quality 

was slightly reduced at the end of the trial, and they noticed an increased mortality due to 

cannibalism after moulting (Usman et al., 2021). Conversely, feeding the shrimp fresh larvae 

seems to keep them occupied for longer and allows them to satisfy their natural behaviours 

more effectively. This leads to less observed aggression and cannibalism. The observed low 

replacement rates with non-defatted BSF meal are probably due to the lack of omega-3 and 

omega-6 fatty acids, which are essential for shrimp nutrition and the comparatively high 

proportion of saturated fatty acids in BSF meal (Röthig et al., 2023). In fish aquaculture, 

replacing fishmeal with BSF has equally varied effects, which depend on species, life stage and 

replacement level. Substitution rates range widely, with 10-100% of fishmeal being replaced 

by BSF meal without negative effects. However, the lack of polyunsaturated fatty acids and 

lower levels of methionine and lysin seems to be a key issue that has a negative impact on fish, 

especially marine/carnivorous species, as well (Dîrvariu et al., 2025). Nevertheless, other 

factors may have contributed to this heterogeneous picture of research results in shrimp and 

fish. A key challenge arising from the lack of comparability between studies due to missing 

details in the reporting.  

 

1.5.2 Reproducibility and comparability of feeding trials 

Worldwide, concerns regarding food safety, hygiene during processing, and potential 

contamination during production chains have been raised. To promote the use of insects as food 
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and feed, researchers suggested standardising rearing and processing procedures and 

implementing effective strategies to enhance food safety (Tang et al., 2019). Reproducibility 

and comparability are essential for high quality research yet there are no standards for feeding 

trials with shrimps and insect-based feed (Barth, Stelbrink, et al., 2025). In addition, a wide 

range of variables must be considered during the preparation of insect larvae for use as feed. 

For trials with BSF larvae and yellow mealworm larvae, reporting guidelines have been 

established by Deruytter et al. (2025) to ensure increased comparability. However, some factors 

have a higher impact on comparability and reproducibility in shrimp feeding trials than others. 

The genetics of the BSF vary widely depending on location and breeding, raising the question 

of whether this is still considered one species (Barth, Stelbrink, et al., 2025). In addition, the 

substrate used and the timing of the BSF larvae harvest plays a key role in their nutrient profile, 

with protein and fat content being particularly important for PWS. Despite this, the substrate 

used is only mentioned in six feeding trials (Barth, Bendag, et al., 2025; Barth, Stelbrink, et al., 

2025; He, Liu, et al., 2022; He, Zhang, et al., 2022; Richardson et al., 2021; Wang et al., 2021) 

and the life stage of the larvae in only three (Barth, Bendag, et al., 2025; Barth, Stelbrink, et al., 

2025; Richardson et al., 2021). So far, the genetics of the BSF larvae have only been specified 

in two feeding trials by Barth (Barth, Bendag, et al., 2025; Barth, Stelbrink, et al., 2025). 

Therefore, it is nearly impossible to compare the results of previous trials on BSF-based feed 

for shrimp and determine the parameters required to custom tailor this feed for shrimp. In 

particular, six categories are crucial for comparability and reproducibility: 1) characteristics of 

the insect, 2) shrimp species, 3) characteristics of the insect-based feed, 4) pre-treatment of 

shrimp, 5) water parameters and 6) experimental design of the shrimp feeding trial (Barth, 

Stelbrink, et al., 2025). Based on these categories, a list of reporting guidelines was compiled 

with information relevant to each category, which should be included in future shrimp feeding 

trials to improve comparability between trials (Barth, Stelbrink, et al., 2025). This should enable 

the identification of further modulating factors and development of a custom-tailored BSF 

based feed for shrimp. 

 

1.5.3 Circular economy and practical implementation 

The BSF is a promising source of high-quality protein for use in sustainable shrimp aquaculture. 

However, to remain economically viable, the maximum price for BSF meal must not exceed 

USD 3.04/kg (Nunes et al., 2023). The current price in Europe is around EUR 3.50/kg. This 

price could be significantly reduced through upscaling with automation and the use of plant by-
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products and the utilization of co-products such as frass (Dîrvariu et al., 2025). For BSF 

production to be profitable, 110 tons of plant by-products must be processed daily to produce 

7.7 tons of insect meal. Underutilized plant by-products will be key to the expansion of the 

insect feed business (Tariq et al., 2025). The conception of an insect-based shrimp feed, in 

particular using BSF larvae reared on plant by-products, would enable circular economy. Due 

to the valorisation of plant by-products and transforming them into high quality protein which 

reduces the environmental impacts compared to fishmeal (Barth, Bendag, et al., 2025). 

Approximately 50-60% of the carbon in the substrate is converted into insect biomass by BSF 

larvae, resulting in far lower CO2 emissions than composting or vermicomposting (Tariq et al., 

2025). The frass (insect excreta), a byproduct of BSF larvae production, can serve as a nutrient-

rich biofertilizer that has a higher nitrogen content than conventional organic alternatives. It 

contains plant-accessible nitrogen, growth promoting biomolecules and microorganisms, thus 

creating nutrient loops in integrated framing systems to support agroecological cycles and 

enhance crop tolerance to stress, pathogens and pests (Beesigamukama et al., 2020; Poveda, 

2021). Over 80% of plant by-products can be converted into larvae and frass in less than two 

weeks (Tariq et al., 2025). 

Insects as a protein source for shrimp can be used in both low-tech and high-tech approaches. 

In developing countries in the global south, local communities use low-tech approaches for BSF 

rearing. In these regions people focus on self-sufficiency and selling small surpluses, therefore 

many value-chain and business initiatives fail since they overlook local limitations including 

weak public support, poor infrastructure and social inequalities. For a sustainable and realistic 

approach, they must first develop local markets and then build on these to expand into more 

complex markets and higher-value products (Barragán-Fonseca et al., 2023). Possible 

approaches involve the use of local plant by-products for BSF farming, creating jobs and 

reducing dependency on large corporations (Barragán-Fonseca et al., 2023; Piercy et al., 2022). 

The BSF larvae can then be fed directly to the shrimp in semi-extensive pond farming, in 

addition to compound feed (Barragán-Fonseca et al., 2023). Consequently, no further 

processing or energy consumption is required. Furthermore, the local climate provides optimal 

rearing conditions for BSF larvae (Shumo et al., 2019). Wealthier industrialized nations 

generally have high-tech, closed, recirculating and land-based shrimp farms. To accommodate 

the large number of shrimp in a compact space, custom-tailored compound feed is necessary 

(Röthig et al., 2023). BSF meal can be used to reduce or completely replace the fishmeal 

content. Larval rearing (maintaining optimal rearing temperature, humidity and aeration) and 

processing are the major drivers for energy consumption therefore it is essential to use 
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renewable energy for an optimal Life Cycle Assessment (LCA) (Ramzy et al., 2025). For BSF 

larval production, a substrate such as apple pomace should ideally be used, as fat content of the 

larvae is quite low at harvest, eliminating the need for defatting (Barth, Bendag, et al., 2025). 

In addition, the heat-waste from large datacentres or other industrial facilities can be used for 

BSF larval rearing in urban areas.  

There are numerous benefits of using BSF larvae reared on plant by-products as an alternative 

protein source in shrimp aquaculture, within the framework of the three pillars of sustainability 

(ecological, economic and social). From an ecological standpoint, promoting insects as a 

protein source can reduce reliance on wild fish stocks and other natural resources, conserving 

biodiversity and ecosystem health (Auzins et al., 2024). Protein-rich biomass can be produced 

from plant by-products, such as apple pomace and potato peels, by BSF larvae, while 

significantly less land and water are required compared to conventional protein sources like 

fishmeal or soy meal. LCAs show that BSF larvae reared on plant by-products can result in 

lower greenhouse gas emissions compared to conventional livestock feed provided that the 

energy required for processing (e.g., drying, freezing, or grinding) is sourced from renewable 

energy systems (Tariq et al., 2025). However, challenges remain in maintaining consistent feed 

quality, as nutritional composition and safety of BSF larvae can be affected by substrate 

variability and potential contamination with heavy metals or mycotoxins (Barth, Bendag, et al., 

2025; Jucker et al., 2025). BSF production becomes economically feasible at an industrial scale, 

processing up to 110 tons of by-products per day, when co-products like frass, oil and chitin 

are effectively valorised. Nevertheless, its large-scale implementation remains limited by 

infrastructural costs ranging from 1-2 million euros (Europe) and substantial energy demands 

for processing (Cattaneo et al., 2024; Tariq et al., 2025). Political initiatives prompting research 

into sustainable feed, as is already the case in Norway, can have an impact (Auzins et al., 2024). 

Additionally, insects can function as powerful tools for disease control hence their economic 

importance (Röthig et al., 2023). The social benefits of insect farming include job creation, feed 

autonomy in rural areas, and aligns with circular economy principles. However, from a socio-

economic perspective, BSF meal has a negative cost and benefit balance in the Baltic-Nordic 

region. The primary challenge in enhancing insect farming productivity arises from the 

variability in production processes, operational scale, and regulatory constraints encountered 

by farmers (Auzins et al., 2024). Factors such as technical issues, operational and investment 

costs and consumer acceptance all contribute to the overall complexity of the situation. To 

achieve a positive balance, further research, up scaling, reduction of operating and investment 

costs are necessary (Auzins et al., 2024). Regulatory uncertainty regarding acceptable substrates 
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and the classification of by-products is an important barrier to commercial acceptance. So is 

limited consumer familiarity with insect-fed shrimp (Abenaim & Conti, 2025; Auzins et al., 

2024; Röthig et al., 2023). Scientifically and economically, BSF larvae reared on plant by-

products represent a promising approach to sustainable aquafeed, given that regulatory 

frameworks, processing efficiency and market transparency are effectively addressed. 

 

1.5.4 Limitations and future directions 

Currently there are several limiting factors. It´s not known to what extent the nutrient profile is 

altered by processing, particularly the immune-stimulating components such as AMPs. 

Therefore, the results of feeding fresh BSF larvae may not be directly transferable to compound-

based shrimp aquaculture. In addition, the feeding habits of shrimp differ from those of fish, as 

shrimp do not consume the larvae or pellets whole. Shrimp can be considered sloppy feeders 

since they manipulate the feed particles with their appendages in front of their mouthparts and 

may consume only parts of the feed (Stadtlander et al., 2025). This can lead to selective feeding, 

notably in the case of BSF larvae, where the cuticle remains uneaten. Moreover, this feeding 

behaviour may result in the loss of nutrients and increased water pollution. Comparability of 

previous study findings is further limited by missing information and high variability. The trials 

have been conducted mostly under laboratory conditions and on a laboratory scale, and there is 

a lack of information on scalability to an industrial scale. 
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1.6 Conclusions and outlook 

This Synthesis shows that BSF can be used as a sustainable alternative protein source in 

aquafeeds, given that remaining issues are addressed. It was demonstrated that BSF larvae can 

convert low-value plant by-products into high-quality protein, thereby BSF may buffer 

suboptimal substrate quality. However, further research must be conducted on the optimization 

of these plant by-products as substrates, either by mixing them strategically or adding necessary 

amino acids to ensure proper larval rearing. Likewise, the bioaccumulation of potential toxins 

by of these substrates in the larvae must be investigated to obtain a safe product for the 

consumer. 

In terms of feed performance, it has been shown that BSF larvae with 50% replacement of the 

fishmeal-based compound feed in shrimp feeding results in excellent FCRs. Nevertheless, 

feeding BSF larvae directly to shrimp is only possible in small scale farms or extensive farming 

systems. For intensive farming, it’s not feasible due to the amount of larvae which would be 

needed, and it probably would harm the water quality or lead to a huge intensification in 

filtration effort and energy consumption. Therefore, future studies should focus on the use of 

BSF meal derived from larvae reared on plant by-products in compound feed. Achieving 

comparable and reliable results will depend on the transparent reporting of all essential 

parameters, following the proposed reporting guidelines. 

The viability of circular economy approaches in this context remains largely theoretical and 

dependent on multiple conditions. A baseline would be an optimized BSF rearing with the use 

of plant-by products and scale up in production. Further research is required to increase the 

inclusion rates in shrimp feeding, for direct feeding of the larvae and the replacement of 

fishmeal in compound feeds. Additionally, investigate the scalability of these processes on an 

industrial scale, ensuring the economic viability of the proposed solutions. To achieve these 

objectives, there is a necessity to promote interdisciplinary research, thereby facilitating the 

integration of nutrition, genetics, insect biotechnology and aquaculture engineering. Ideally, 

laboratory research should be linked with industry partners to address all requirements.  

BSF based feed holds great potential for commercial shrimp farming if the three pillars of 

sustainability are considered. The key challenges in the future are scalability, political 

regulatory and consumer acceptance in areas where insects a not yet part of the human diet.  
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2.2 2nd publication: Broad acceptance of sustainable insect-based shrimp feeds 

requires reproducible and comparable research 
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2.3 3rd publication: From Plant By-Products to Insects to Shrimp: A Pathway to 

Sustainable Aquaculture Feed in a Circular Economy 
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3 Appendix 

3.1 Supplementary tables of the 2nd Paper 

Table S1: GenBank accession numbers and haplotype information for the cytochrome c oxidase subunit I (COI) sequences 

used for the haplotype network analyses of the black soldier fly (BSF) and the Pacific white shrimp (PWS). GenBank 

accession numbers for the specimens used in the current feeding study are in bold; sequences from cultured specimens are in 

italics. Note that many literature studies or GenBank data entries do not provide information on the origin of the specimens 

(wild caught vs. cultured). Therefore, the number of haplotypes found in cultured PWS may be higher. 

Black soldier fly (BSF) Pacific white shrimp (PWS) 

Haplotype 

# 

GenBank  

accession # 

Country of  

origin 

Haplotype 

# 

GenBank 

accession # 

Country of 

origin 

1 PQ187607 Germany 1 PQ187640 Austria 

 PQ187608 Germany  PQ187641 Austria 

 GQ465783 unknown  JN165700 India? 

 LR792262 Switzerland  JN165701 India? 

 LR812715 Switzerland  JN165702 India? 

 MT178496 Italy  JN165703 India? 

 MT178512 Poland  JN165704 India? 

 MT520675 Uganda  KJ879293 Egypt 

 MT520676 Uganda  KJ879294 Egypt 

 MT520677 Uganda  KJ879295 Egypt 

 MT520678 Uganda  KJ879314 Egypt 

 MT520679 Uganda  KJ879315 Egypt 

 MT520680 Uganda  KJ879316 Egypt 

 OP164686 Vietnam  KP976242 China 

 OP164687 Vietnam  KP976244 China 

 OP164689 Vietnam  KP976245 China 

 OP164692 Vietnam  KP976246 China 

 OP164696 Vietnam  KP976247 China 

 OP164697 Vietnam  KY018725 unknown 

2 LR778162 Thailand  KY018738 unknown 

 LR792242 Thailand  KY018739 unknown 

3 OP164695 Vietnam  KY018741 unknown 

4 LR792261 Switzerland  KY018742 unknown 

 LR812714 Switzerland  KY018745 unknown 

5 HM381282 USA  KY018750 unknown 

 KY679159 unknown  KY018752 unknown 

 KY817115 Russia  KY018791 unknown 

 LR778157 Kenya  KY018793 unknown 

 LR778160 Bhutan  KY018795 unknown 

 LR792227 Australia  KY018802 unknown 

 LR792258 Kenya  KY018828 unknown 

 LR792259 Kenya  KY018872 unknown 

 LR792260 Spain  KY018873 unknown 

 LR792263 South Africa  KY018874 unknown 

 LR792264 South Africa  KY018875 unknown 

 LR792265 South Africa  KY018881 unknown 

 LR792266 South Africa  KY018882 unknown 

 LR792267 USA  KY018883 unknown 

 LR812711 Kenya  KY018898 unknown 

 LR812712 Kenya  KY018910 unknown 

 LR812713 Spain  KY018913 unknown 

 LR812716 South Africa  KY656473 USA 

 LR812717 South Africa  LC121765 Japan 

 LR812718 South Africa  MF752470 India 

 LR812719 South Africa  MF752471 India 

 LR812720 USA  MH194437 Peru 

 MN868749 Portugal  MH194528 Peru 

 MN868766 Portugal  MK000245 unknown 
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 MN868787 Portugal  MK301236 unknown 

 MT079205 Bangladesh  MK301239 unknown 

 MT178467 Bhutan  MK792401 India 

 MT178481 Australia  MN863506 India 

 MT178483 China  MT072759 USA 

 MT178490 USA  MT072760 USA 

 MT178493 France  MT072763 USA 

 MT178494 France  MT072764 USA 

 MT178495 France  MT072765 USA 

 MT178497 Indonesia  MT072767 USA 

 MT178498 China  MT072771 USA 

 MT178503 Vietnam  MT072772 USA 

 MT178507 South Africa  MT072774 USA 

 MT178511 China  MT072777 USA 

 MT181121 South Africa  MT072778 USA 

 MT433999 Malaysia  MT072779 USA 

 MT483914 China  MT072780 USA 

 MT483915 China  MT072781 USA 

 MT483916 China  MT072782 USA 

 MT483917 China  MT072783 USA 

 MT483920 Australia  MT072784 USA 

 MT483921 Australia  MT072786 USA 

 MT483922 Australia  MT607566 Peru 

 MT483923 Australia  MT607568 Peru 

 MT483924 Australia  MT607592 Peru 

 MT483925 Australia  MW027142 unknown 

 MT483932 Netherlands  MW027158 unknown 

 MT483933 Netherlands  MW916386 unknown 

 MT483934 Netherlands 2 MT072766 USA 

 MT483935 Netherlands 3 KY018915 unknown 

 MT483936 Netherlands  MF490133 Brazil 

 MT483937 Kenya  MG001172 USA 

 MT483938 Kenya  MT072775 USA 

 MT483939 Kenya  MT072776 USA 

 MT483940 Kenya  MT607524 Peru 

 MT483941 Kenya  ON263409 Indonesia 

 MT483942 Kenya 4 JN165705 unknown 

 MT520651 South Africa 5 OM672408 Brazil 

 MT520652 South Africa 6 KJ879297 Egypt 

 MT520653 South Africa 7 DQ534543 unknown 

 MT520654 South Africa  HQ700931 unknown 

 MT520655 South Africa 8 AY781297 unknown 

 MT520656 South Africa  KJ679914 unknown 

 MT520671 USA  KJ679916 unknown 

 MT520672 USA  KJ879296 Egypt 

 MT520673 USA  KJ879313 Egypt 

 MT520674 USA  KP976243 China 

 MT520681 USA  KP976248 China 

 MT520682 USA  KP976249 China 

 MT520683 USA  KP976250 China 

 MT520684 USA  KU324658 Egypt 

 MT520685 USA  KY018748 unknown 

 MT520686 USA  KY018751 unknown 

 MW173681 India  KY018911 unknown 

 MW278893 India?  MH300665 unknown 

 MW278894 India?  MK301237 unknown 

 MZ148804 India  MK301238 unknown 

 MZ148805 India  MT072769 USA 

 MZ148806 India  MT072770 USA 

 NC_035232 unknown 9 KJ679911 unknown 

 OP537078 unknown  KJ679912 unknown 

 OP537079 unknown  KJ679913 unknown 
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6 ON738663 India  KJ679915 unknown 

7 MG682545 India 10 MT072785 USA 

8 HM433911 USA 11 MT072768 USA 

 LR792229 USA 12 KF418241 unknown 

 MT178459 USA 13 KJ679907 unknown 

 MT178460 USA  KJ679909 unknown 

 MT178461 USA 14 KJ679906 unknown 

 MT178462 USA  KJ679908 unknown 

 MT178463 USA  KJ679910 unknown 

 MT178470 USA  KY564433 India 

 MT178492 USA    

 MT181122 USA    

9 MT178491 USA    

10 MT178458 USA    

 MT178488 USA    

 MT178489 USA    

 MT181123 USA    

11 HM399363 Australia    

 KM928149 Canada    

 KM967419 Canada    

 LR778159 Bhutan    

 LR778161 Thailand    

 LR792226 USA     

 LR792254 Australia    

 LR792256 Australia    

 LR812707 Australia    

 LR812709 Australia    

 MT178464 Australia    

 MT178465 Australia    

 MT178466 Bhutan    

 MT178474 Thailand    

 MT178478 Samoa    

 MT178485 Singapore    

 MT178487 Singapore    

 MT178504 Thailand    

 MT178505 Thailand    

 MT178506 Thailand    

 MT178508 Australia    

 MT178509 Singapore    

 MT186669 Singapore    

 MT520687 Thailand    

 MT908920 Malaysia    

 MT908967 Malaysia    

 OP164688 Vietnam    

 OP164690 Vietnam    

 OP164691 Vietnam    

 OP164693 Vietnam    

 OP164694 Vietnam    

12 MT178502 Malaysia    

13 MT520663 Thailand    

 MT520664 Thailand    

 MT520665 Thailand    

 MT520666 Thailand    

14 LR792233 Panama    

 MT178473 Panama    

15 MT483918 Costa Rica    

16 LR778200 Bolivia    

17 ON783031 Ecuador    

 ON783032 Ecuador    

 ON783033 Ecuador    

 ON783034 Ecuador    

 ON783035 Ecuador    



93 

 

 ON783036 Ecuador    

 ON783038 Ecuador    

 ON783039 Ecuador    

18 LR792234 French Guiana    

 MT178477 Guyana    

19 LR778199 Bolivia    

20 LR792231 Peru    

 MT178471 Peru    

21 LR778202 Bolivia    

22 JN308280 Papua New Guinea    

 JN308281 Papua New Guinea    

 JN308282 Papua New Guinea    

 JN308283 Papua New Guinea    

 JN308284 Papua New Guinea    

 JN308285 Papua New Guinea    

 JN308286 Papua New Guinea    

 JN308287 Papua New Guinea    

 JN869986 Malaysia    

 KX053393 French Polynesia    

 KX053394 French Polynesia    

 LR585074 unknown    

 LR778154 Madagascar    

 LR778155 Madagascar    

 LR778156 Zambia    

 LR778195 Bolivia    

 LR778207 Switzerland    

 LR792223 Malaysia    

 LR792224 Vietnam    

 LR792225 Australia    

 LR792253 Australia    

 LR792255 Australia    

 LR792257 Australia    

 LR812706 Australia    

 LR812708 Australia    

 LR812710 Australia    

 MG733996 India    

 MT151288 Réunion    

 MT178475 Madagascar    

 MT178479 Malaysia    

 MT178480 Vietnam    

 MT178484 Singapore    

 MT178486 Singapore    

 MT178499 Australia    

 MT178500 Australia    

 MT178501 Singapore    

 MT178510 Australia    

 MT520667 USA    

 MT520668 USA    

 MT520669 USA    

 MT520670 USA    

 MW881502 India    

 OP218410 Indonesia    

 OP218413 Indonesia    

 OP218414 Indonesia    

23 OM909154 India    

24 LR778204 Colombia    

25 LR792239 Paraguay    

26 LR778193 Bolivia    

 LR792230 Peru    

 LR792232 Peru    

 LR792236 Brazil    

 LR792241 Paraguay    
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 MT178469 Peru    

 MT178472 Peru    

27 LR778158 Ghana    

 MN868751 Portugal    

 MT151287 Benin    

 MT483926 Ghana    

 MT483927 Ghana    

 MT483928 Ghana    

 MT483929 Ghana    

 MT483930 Ghana    

 MT483931 Ghana    

 MT520657 Nigeria    

 MT520658 Nigeria    

 MT520659 Nigeria    

 MT520660 Nigeria    

 MT520661 Nigeria    

 MT520662 Nigeria    

28 LR778213 Peru    

29 LR778194 Bolivia    

 LR792238 Bolivia    

 LR792240 Paraguay    

 MT178476 Bolivia    

30 LR778201 Bolivia    

31 LR778203 Bolivia    

32 LR778196 Bolivia    

33 LR778206 Brazil    

34 LR778212 Peru    

35 LR778197 Bolivia    

36 LR778198 Bolivia    

37 LR778205 Brazil    

 LR792235 Brazil    

 LR792237 Brazil    

38 LR778192 Bolivia    

39 ON783037 Ecuador    

40 LR778208 Mexico    

41 LR792228 USA    

 MT178468 USA    

42 LR778210 Venezuela    

43 LR778209 Venezuela    

44 LR778211 Venezuela    

 MT178482 Venezuela    
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Table S2: Effects of fishmeal- and black soldier fly (BSF)-based feeds on amino acid contents in % dry matter (mean values 

± standard deviations) of individual Pacific white shrimp (PWS) and statistical differences between treatments (DM = dry 

matter). 

Amino acid 

Amino acid content of PWS (% DM) 

Statistical 

differences 

PWS control group 

(Fishmeal-based feed) 

(n = 8) 

PWS treatment group 

(BSF-based feed) 

(n = 8) 

Alanine 0.65 ± 0.07 0.56 ± 0.03 p = 0.004 

Arginine 0.79 ± 0.05 0.76 ± 0.05 p = 0.281 

Aspartic acid 1.13 ± 0.19 1.13 ± 0.07 p = 0.336 

Cysteine 0.13 ± 0.01 0.12 ± 0.01 p = 0.574 

Glutamic acid 1.73 ± 0.08 1.63 ± 0.11 p = 0.121 

Glycine 0.74 ± 0.05 0.71 ± 0.04 p = 0.336 

Histidine 0.88 ± 0.07 0.77 ± 0.08 p = 0.014 

Isoleucine 0.33 ± 0.03 0.33 ± 0.03 p = 0.779 

Leucine 0.71 ± 0.03 0.66 ± 0.05 p = 0.054 

Lysine 0.86 ± 0.05 0.81 ± 0.05 p = 0.152 

Methionine 0.16 ± 0.01 0.15 ± 0.01 p = 0.442 

Phenylalanine 0.40 ± 0.02 0.38 ± 0.03 p = 0.336 

Proline 0.58 ± 0.03 0.55 ± 0.04 p = 0.121 

Serine 0.45 ± 0.03 0.41 ± 0.02 p = 0.014 

Threonine 0.41 ± 0.03 0.39 ± 0.03 p = 0.281 

Tryptophan 0.07 ± 0.03 0.08 ± 0.01 p = 0.397 

Tyrosine 0.28 ± 0.01 0.25 ± 0.02 p = 0.009 

Valine 0.47 ± 0.03 0.48 ± 0.04 p = 1.000 
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Table S3: Effects of fishmeal- and black soldier fly (BSF)-based feeds on life-history and physiological traits (mean values ± 

standard deviations) of Pacific white shrimp (PWS) and statistical differences between treatments (DM = dry matter). 

Statistical comparisons are based on the data from the 4 control and 4 treatment tanks. 

Parameter 

Life-history and physiological traits of 

PWS 

Statistical 

differences PWS control group 

(Fishmeal-based 

feed) 

PWS treatment 

group 

(BSF-based feed) 

Growth parameters    

Initial weight (g) 0.37 ± 0.16 N/A 

Final weight (g) 8.01 ± 1.13 6.78 ± 0.88 p < 0.001 

Weight gain (%) 2050 ± 302 1720 ± 236 p < 0.001 

Specific growth rate (% 

per day)  
7.28 ± 0.33 6.89 ± 0.30 

p < 0.001 

Length (cm)  10.83 ± 0.76 10.12 ± 0.85 p = 0.124 

Survival rate (%) 80.0 ± 12.0 85.0 ± 4.0 p = 0.513 

Production index (g) 6.20 ± 0.94 5.62 ± 0.33 p = 0.375 

Crude protein (% DM) 69.59 ± 0.71 67.7 ± 0.72 p < 0.01 

Crude fat (% DM) 5.58 ± 0.78 6.97 ± 0.39 p < 0.01  
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