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Summary 
 
This PhD thesis recommends increasing sustainable aquaculture consumption and 

production in Europe. The research is based on a interdisciplinary approach combining 

European consumer perspectives with new feed concepts for European seabass 

(Dicentrarchus labrax) and detecting the circadian rhythm in turbot (Scophthalmus 

maximus) to improve welfare and develop potential new management strategies for 

aquaculture operations. 

Aquaculture remains the fastest growing food production sector in the world, and 

sustainable systems are needed to ensure food security and achieve the Sustainable 

Development Goals (SDGs). A promising and widely used solution for the future of 

intensive fish farming is the combination of circular economy and recirculating aquaculture 

systems (RAS). This approach could increase productivity and reduce environmental 

impact and resource use, resulting in improved consumer perception. That is important 

since consumers are the driving force behind seafood consumption, and their purchasing 

behaviour shapes the appearance of sustainable fish products in the supermarket. 

Understanding the consumer perspective, therefore, represents the first step towards 

sustainable production. The findings of my PhD indicate that the most relevant factors for 

consumers to purchase sustainable aquaculture products are fish origin (including farming 

systems), sustainability, and fish welfare. Unfortunately, aquaculture seafood production 

continues to be considered negatively by the public since there have been many serious 

ecological and environmental problems in recent decades, such as the misuse of 

antibiotics. The major concerns are related to the proportion of wild-caught fish in 

aquaculture feeds and the welfare of farmed animals. Consequently, developing 

alternative feeds and improving fish welfare have the potential to shift consumer 

perceptions towards more positive attitudes. 

Intensive fish farms could develop and implement new strategies to counteract those 

concerns. Product descriptions as well as eco-labels, can contribute to consumer 

awareness and could be considered with a life-cycle assessment (LCA), which could 

include carbon footprints and energy and water use. My findings suggest that an 

information-based strategy focussing on the product’s origin and its sustainability could 

be an effective tool to change consumer awareness and encourage fish farmers to invest in 

sustainable feeds and farming techniques. LCAs have shown that unsustainably produced 

fish feeds greatly impact intensive aquaculture operations, such as RAS. Feed 
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for carnivorous fish often contains high levels of fishmeal and fishoil, which are often 

considered unsustainable resources. To that end, the second part of my PhD addresses 

alternative feed concepts for European seabass to improve sustainability while ensuring 

fish growth, farm profitability, and animal welfare. European seabass represents the most 

important aquaculture species in the Mediterranean Sea and ranks second only to salmon 

in the highest per capita consumption in the European Union. My work indicates that 

hydrolysates and aquaculture by-products, as well as plant- and animal-derived protein 

substitutions, can replace fishmeal from marine fish stocks without negative effects on 

growth, feed conversion ratio, sensory attributes, nutritional components, and fish welfare. 

This demonstrates that European seabass diets could become more sustainable through 

the application of circular economy approach and the use of plant and terrestrial animal-

derived proteins. 

In the last part of my PhD thesis, I examined the welfare of fish in greater depth. Fish and 

every other living organism possess a circadian rhythm (CR) that controls all metabolic 

processes. This CR is species-specific, and to my knowledge, no data are yet available for 

turbot. Turbot is a very valuable species in European aquaculture and understanding its 

day and night rhythms is necessary for improving its welfare and thus its growth in 

intensive aquaculture farms. My findings imply metabolic peaks in amino acids and sugars 

at 3 p.m., which could be used to optimise feeding regimes and farming practices. 

Specifically, on-farm activities, such as feeding (digestive stress) or transportation, can 

increase stress and should be avoided during peak levels of stress hormones. Utilising 

variations in natural metabolism combined with circular economy and optimised feeding 

concepts could help to improve animal welfare and growth. 

This thesis provides a comprehensive picture of the impact of the different interdisciplinary 

approaches in European aquaculture, from the consumer to the individual fish. 

Implementing sustainable and regional ingredients in the diets of carnivorous fish can not 

only decrease the dependency on raw materials but also positively influence the 

consumer purchase decisions towards aquaculture. By suggesting optimised feeding 

times to improve fish welfare, my work provides ideas for novel farm practices that improve 

both farm profitability and consumer perception. 
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Zusammenfassung 
 
In dieser Dissertation werden Empfehlungen zur Steigerung des nachhaltigen Verbrauchs 

und der Produktion in der europäischen Aquakultur gegeben. Die Forschung basiert auf 

einem transdisziplinären Ansatz, der europäische Verbraucherperspektiven mit neuen 

Futterkonzepten für den Europäischen Wolfsbarsch (Dicentrarchus labrax) und der 

Erkennung des zirkadianen Rhythmus beim Steinbutt (Scophthalmus maximus) 

kombiniert, um das Wohlergehen der Tiere zu verbessern und potenzielle neue 

Managementstrategien für Aquakulturbetriebe zu entwickeln. 

Die Aquakultur ist nach wie vor der am schnellsten wachsende Sektor der 

Lebensmittelproduktion weltweit, und es werden nachhaltige Systeme benötigt, um die 

Ernährungssicherheit zu gewährleisten und die Ziele für nachhaltige Entwicklung (SDGs) 

zu erreichen. Eine vielversprechende und weit verbreitete Lösung für die Zukunft der 

intensiven Fischzucht ist die Kombination aus Kreislaufwirtschaft und rezirkulierenden 

Aquakultursystemen (RAS). Dieser Ansatz könnte die Produktivität erhöhen und die 

Umweltbelastung und den Ressourcenverbrauch verringern, was zu einer verbesserten 

Wahrnehmung durch die Verbraucher führt. Das ist wichtig, da die Verbraucher die 

treibende Kraft hinter dem Konsum von Meeresfrüchten sind, und ihr Kaufverhalten das 

Erscheinungsbild nachhaltiger Fischprodukte im Supermarkt beeinflusst. Das Verständnis 

der Verbraucherperspektive ist daher der erste Schritt zu einer nachhaltigeren Produktion. 

Die Ergebnisse meiner Doktorarbeit deuten darauf hin, dass die wichtigsten Faktoren für 

die Verbraucher, beim Kauf nachhaltiger Aquakulturprodukte, die Herkunft der Fische 

(einschließlich ihrer Hältungssysteme), die Nachhaltigkeit und das Wohlergehen der Tiere 

sind. Leider wird die Zucht von Fischen in intensiven Aquakulturen von der Öffentlichkeit 

nach wie vor negativ beurteilt, da es in den letzten Jahrzehnten viele schwerwiegende 

ökologische Probleme gegeben hat, wie 

z. B. den Missbrauch von Antibiotika. Die größten Bedenken beziehen sich allerdings auf 

den Anteil von Wildfängen im Aquakulturfutter und das Wohlergehen der Zuchttiere. Die 

Entwicklung alternativer Futtermittel und die Verbesserung des Wohlergehens der Fische 

haben daher das Potenzial, die Wahrnehmung der Verbraucher in Richtung einer 

positiveren Einstellung zu verändern und somit das Kaufpotential zu steigern. 

Durch die Entwicklung neuer Strategien könnten intensive diesen Bedenken 

entgegenwirken. Produktbeschreibungen und Öko-Labels könnten so zur Sensibilisierung 

der Verbraucher beitragen und in Verbindung mit einer 
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Lebenszyklusanalyse (LCA) oder auch Ökobilianz ergänzt werden. Diese könnte den 

Kohlenstoff-Fußabdruck sowie den Energie- und Wasserverbrauch miteinbeziehen und 

für mehr Transparenz für den Konsumenten sorgen. Meine Ergebnisse deuten darauf hin, 

dass eine informationsbasierte Strategie, die sich auf die Herkunft des Produktes sowie 

seine Nachhaltigkeit konzentriert, ein wirksames Instrument sein könnte, um das 

Bewusstsein der Verbraucher zu ändern als auch die Fischzüchter zu ermutigen, in 

nachhaltige Futtermittel und Zuchttechniken zu investieren. Ökobilianzen haben gezeigt, 

dass nicht nachhaltig produzierte Fischfuttermittel intensive Aquakulturbetriebe, wie z. 

B. RAS, stark negativ beeinträchtigen. Futtermittel für karnivore Fische enthalten oft einen 

hohen Anteil an Fischmehl und Fischöl, die oft als nicht nachhaltige Ressourcen 

angesehen werden. Aus diesem Grund befasst sich der zweite Teil meiner Doktorarbeit 

mit alternativen Futterkonzepten für Wolfsbarsch, um die Nachhaltigkeit zu verbessern 

und gleichzeitig das Fischwachstum, die Rentabilität der Zuchtbetriebe und das 

Wohlergehen der Tiere zu gewährleisten. Der Europäische Wolfsbarsch ist die wichtigste 

Aquakulturart im Mittelmeer und steht nach dem Lachs an zweiter Stelle des höchsten 

Pro-Kopf-Verbrauchs in der Europäischen Union. Meine Arbeit zeigt, dass Hydrolysate 

und Nebenprodukte aus der Aquakultur sowie pflanzliche und tierische Proteine 

Fischmehl aus marinen Fischbeständen ersetzen können, ohne dass dies negative 

Auswirkungen auf das Wachstum, die Futterverwertung, die sensorischen Eigenschaften, 

die Ernährungskomponenten oder das Wohlergehen der Fische hat. Dies zeigt, dass die 

Futtermittel des europäischen Wolfsbarsches durch die Anwendung einer 

Kreislaufwirtschaft und die Verwendung von pflanzlichen und tierischen Proteinen 

nachhaltiger werden kann. 

Im letzten Teil meiner Doktorarbeit habe ich das Wohlergehen von Fischen eingehender 

untersucht. Fische und alle anderen Lebewesen verfügen über einen zirkadianen 

Rhythmus (CR), der alle Stoffwechselprozesse steuert. Dieser CR ist artspezifisch, und 

meines Wissens liegen für Steinbutt noch keine Daten vor. Der Steinbutt ist eine sehr 

wertvolle Art in der europäischen Aquakultur, und das Verständnis seiner Tag- und 

Nachtrhythmen ist notwendig, um sein Wohlergehen und damit sein Wachstum in 

intensiven Aquakulturbetrieben zu verbessern. Meine Ergebnisse deuten auf 

Stoffwechselspitzen bei Aminosäuren und Zuckern um 15 Uhr hin, die zur Optimierung 

von Fütterungsregimen und Zuchtpraktiken genutzt werden könnten. Insbesondere 

können Tätigkeiten im Betrieb, wie Fütterung (welcher Verdauungsstress auslösen kann) 

oder Transport, den Stress erhöhen und sollten während der Spitzenwerte von Stress 

Metaboliten vermieden werden. Die Nutzung von Schwankungen des natürlichen 
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Stoffwechsels in Kombination mit Kreislaufwirtschaft und optimierten 

Fütterungskonzepten könnte dazu beitragen, das Wohlergehen und das Wachstum der 

Tiere nachhaltig zu verbessern. 

Diese Arbeit vermittelt ein umfassendes Bild der Auswirkungen der verschiedenen 

interdisziplinären Ansätze in der europäischen Aquakultur, vom Verbraucher bis zum 

einzelnen Fisch. Die Verwendung nachhaltiger und regionaler Futterstoffe in der 

Ernährung karnivorer Fische kann nicht nur die Abhängigkeit von Rohstoffen verringern, 

sondern auch die Kaufbereitschaft der Verbraucher gegenüber der Aquakultur positiv 

beeinflussen. Durch den Einsatz von spezies-spezifischen Fütterungs- und 

Handhabungszeiten könnte das Wohlergehen der Fische verbessert werden ohne dem 

Farmer zusätzliche Kosten aufzubürgen. Somit liefert meine Arbeit Ideen für neue 

Aquakultur Praktiken, die sowohl die Rentabilität der Zuchtbetriebe als auch die 

Wahrnehmung der Verbraucher verbessern können.



x 
 

 



Chapter I 
 

 

 
 
 
 

Chapter I 
 
 

General Introduction 



Chapter I 

2 

 

 

 



Chapter I 

3 

 

 

 

Introduction 
 
Global Importance of Aquaculture 
 
 
Aquaculture is defined as the rearing of aquatic organisms, including fish, molluscs, 

crustaceans, and aquatic plants and can be dated back to over 8000 years (Costa- Pierce, 

2022; FAO, 2017; FAO, 2020; Levin, 2013; Rocha et al., 2022). It aims to increase 

production by intervening in the rearing process and can be broadly classified into three 

categories, namely intensive, semi-intensive, and extensive (Ackerfors et al., 2017; 

Campbell & Pauly, 2013; FAO, 2020). In this regard, intensive aquaculture is referred to 

as “modern aquaculture”, which underwent a technological evolution in the 1970s–1980s 

and utilises various techniques to regulate the growth processes, such as water quality 

management, supplemental feeding, and regulated stocking densities (Costa-Pierce, 

2022; Føre et al., 2018). In contrast, extensive aquaculture uses only natural food sources 

and conditions, while semi-intensive aquaculture combines both to varying degrees 

(Ackerfors et al., 2017; Oddsson, 2020; Rocha et al., 2022). 

In 2020, the global live weight produced in aquaculture (excluding aquatic plants) was 

about 87.5 million metric tons (mmt), of which 54.4 mmt were from inland aquaculture 

only, that is, land-based operations (Brugère et al., 2019; FAO, 2022; Mizuta et al., 2022). 

The contribution of aquatic species from global aquaculture production to seafood 

production reached an all-time high of 59.2% in 2020, while global landings of capture 

fisheries have stagnated since the 1980s, according to the Food and Agriculture 

Organization (FAO) (FAO, 2022; Garlock et al., 2019; Mizuta et al., 2022). This highlights 

the need to expand aquaculture production to keep up with the ever-increasing global 

demand for food and to meet animal protein needs (Brooks et al., 2019; Dawood et al., 

2020; Garlock et al., 2019). 

Global per capita consumption of aquatic animals increased by about 1.5% per year from 

9.0 kg in 1961 to 20.5 kg in 2019 and is projected to increase to 21.4 kg in 2030 (FAO, 

2022). In 2017, about 17% of the world population’s protein intake came from fish 

consumption (Ahmed et al., 2018; FAO, 2020). Taking a look at the distribution of 

aquaculture production in the world, Asia remains the world’s leading continent with 
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88.43% of total production, followed by America with 5% and Europe with 3.74% (FAO, 

2022). Therefore, most seafood in the European Union (EU) is still imported or comes 

from wild fish stocks and should be replaced by sustainable, locally farmed fish to ensure 

food safety (de la Casa-Resino et al., 2021; Zander & Feucht, 2017). Landings of capture 

fisheries are stagnating, leading to a decline in the availability of (wild) fish to consumers 

and increasing the pressure on intensive fish farming and sustainable resources (de la 

Casa-Resino et al., 2021; FAO, 2020; FAO, 2022; Lyach & Čech, 2018). 

Aquaculture, in general, can be applied in freshwater as well as in brackish or marine 

waters, the latter being the main form of production in European aquaculture (FAO, 2020; 

FEAP, 2020). In addition to marine aquaculture in nets and cages, there are other farming 

practices in European Aquaculture, situated in the open ocean, lakes, rivers, and ponds, 

as well as in land-based operations (Brooks et al., 2019; Buck & Langan, 2017; Buck et 

al., 2018; de la Casa-Resino et al., 2021; Mizuta et al., 2022; Rico et al., 2019; Wang et 

al., 2018). This diversification of aquaculture practices requires specific management skills 

related to the specific environment and economic as well as social resources (Bohnes et 

al., 2019; Cascarano et al., 2021; de la Casa-Resino et al., 2021; Fonseca et al., 2020; 

Oddsson, 2020). Hence, responsible consumption and sustainable fish production can only 

be achieved with sustainable management strategies tailored to each individual farming 

system (Froehlich et al., 2022; Henriksson et al., 2012). 

The major challenges in today’s intensive fish farming are farm sustainability, 

environmental challenges, animal welfare, as well as health issues, and consumer 

acceptance (Ahmed et al., 2019; Cascarano et al., 2021; Gentry et al., 2017). Advanced 

technologies and improved management strategies can support the eco-intensification of 

aquaculture and make them an economically competitive and sustainable food sector 

(Brooks et al., 2019; Garlock et al., 2019). 
 
A promising and widely used solution for the future of intensive aquaculture is the use of 

recirculating aquaculture systems (RAS), which can increase productivity and reduce both 

environmental impacts and resource use (Ahmed et al., 2019; Badiola et al., 2018). 

Excessive harmful components in water, such as feed residues, faecal matter, ammonia, 

nitrite, bacteria, and carbon dioxide (CO2), affect the aquatic product quality and must be 

removed (Ahmed & Turchini, 2021; Aich et al., 2020; Badiola et al., 2018). RAS are 
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intensive land-based aquaculture farms that (partially) reuse water through various water 

treatment processes (Cristiano et al., 2022; Martins et al., 2010; Xiao et al., 2019). They 

use physical filtration (e.g. drum filter), biological filtration (e.g. biofilter with fluidised sand), 

water disinfection (e.g. ozone), and O2 addition to ensuring a high-quality environment for 

fish (Bergheim & Fivelstad, 2014; Ruiz et al., 2020; Xiao et al., 2019). RAS are considered 

a good solution for sustainable eco-intensification because they minimise water 

consumption by recycling up to 90% of the water and allow controlled conditions for fish 

(Aich et al., 2020). Ensuring water quality and controlled parameters (like salinity, 

temperature, pH, or oxygen) results in optimised growth, directly reducing operating costs 

for feed (Ahmed & Turchini, 2021; Cristiano et al., 2022). 
 
In general, eco-intensification is interpreted as a system that produces relatively higher 

yields on the same land area while reducing environmental impacts (Aubin et al., 2019; 

Cristiano et al., 2022; Godfray et al., 2010). Unfortunately, the need to improve 

aquaculture productivity has often led to an unhealthy intensification of the sector, 

resulting in poor animal welfare, resource misuse, and limited growth performance of 

farmed species (Dawood et al., 2018). To that end, the circular economy approach could 

be a solution to increase intensification while further reducing resources and improving 

fish welfare (Fraga et al., 2022). The circular economy is defined as “[…] an economic 

system that replaces the ‘end-of-life’ concept with reducing, alternatively reusing, recycling 

and recovering materials in production/distribution and consumption processes […], with 

the aim to accomplish sustainable development, thus simultaneously creating 

environmental quality, economic prosperity, and social equity, to the benefit of current and 

future generations” (Kirchherr et al., 2017). This combination of circular economy and RAS 

could allow more sustainable intensive production of fish (Campanati et al., 2022; Villar-

Navarro et al., 2021). 

 
 
Blue Growth 
 
 
In order to tackle global challenges, such as hunger, malnutrition, and climate change, the 

Sustainable Development Goals (SDGs) have been introduced by the United Nations 

General Assembly in 2015 (Assembly, UG, 2015). These science-based 
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management strategies have been commonly accepted as the minimum criteria for 

sustainable fisheries and aquaculture (Cavallo et al., 2021; FAO, 2020; Fonseca et al., 

2020). The SDGs aim to ensure a better life for humanity by balancing economic, social, 

and environmental development (United Nations General Assembly, 2015; Fonseca et al., 

2020). The United Nations (UN) has established a framework for “[…] peace and 

prosperity for people and the planet, now and in the future […]” (Assembly, UG, 2015). 

These SDGs have 17 main targets, of which six are particularly relevant to the aquaculture 

sector, namely Zero hunger (2), good health and well-being (3), decent work and economic 

growth (8), responsible consumption and production (12), climate action (13), and life 

below water (14) (Sachs et al., 2021). The fight against global hunger and the nutritious 

aspects of healthy living are directly linked to global animal production, terrestrial as well 

as aquatic. 

Despite growing health and environmental concerns about processed meat, overall meat 

consumption has steadily increased since the 1960s. Therefore, a shift in mindset is 

needed to achieve the SDGs (González et al., 2020; Kwasny et al., 2022; Zeng et al., 

2019). Intensive livestock production of terrestrial animals is a major driver of climate 

change, accounting for 14.5% of anthropogenic greenhouse gas emissions and 

contributing to deforestation, land degradation, as well as water and air pollution (Baabou 

et al., 2017; Cascarano et al., 2021; Froehlich et al., 2022; Godfray et al., 2018; Happer & 

Wellesley, 2019). Terrestrial animal agriculture consumes more freshwater than any other 

human activity and thus requires drastic reductions to meet the needs of the human 

population while protecting environmental resources (Assembly, UG, 2015; Aubin et al., 

2019; Cascarano et al., 2021). Eliminating animal proteins and switching to a mostly plant-

based diet is recognised to have the greatest influence to achieve the SDGs, but it is 

challenging due to ingrained cultural practices, societal norms, and daily habits (Kwasny 

et al., 2022). One potential solution may be meeting consumer demand for animal protein 

with more aquatic and less terrestrial animal protein sources to support the SDGs without 

abandoning animal-based diets (Folke et al., 1998; Fraga et al., 2022; Godfray et al., 2018; 

Guillen et al., 2019). 

Responsible and sustainable aquaculture can therefore contribute to the achievement of 

the SDGs. Thus, the European Commission (EC) introduced the term “blue growth” 
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in 2017, focusing on the pillars of sustainable development (FAO, 2017b). As part of its 

blue growth strategy, the EC identified the aquaculture sector as having the greatest 

potential for creating sustainable jobs, food security, and growth (European Commission, 

2012). To make the aquaculture sector in Europe more sustainable, the introduction and 

promotion of CE and RAS are helpful. 

This PhD thesis was conducted within the EU Horizon 2020 project GAIN (Green 

aquaculture intensification in Europe funding N° 773330), which started in 2018 and ended 

in 2021. The project firmly focused on investigating the potential of the eco- intensification 

of European aquaculture. Key aspects of the project were feed improvements, circular 

economy, policy, and markets (GAIN, 2020). In addition, research efforts focused on 

integrating scientific and technical innovations, new policy and economic instruments, and 

reducing social barriers, that is, identifying and addressing widespread negative 

perceptions of aquaculture products (Conceição et al., 2020; GAIN, 2020; Krause et al., 

2020). As part of the GAIN project, this dissertation focuses on a transdisciplinary 

approach to improving European aquaculture practices by understanding consumer 

perspectives, improving novel feed ingredients, and analysing fish welfare. 

 
 
Integration of social and natural sciences- Consumer 
perception of seafood products 
 
The key to increasing the demand for aquaculture produced fish is a positive consumer 

attitude (FAO, 2022). Therefore, it is important to understand what influences this 

perception and how it can be shifted into a more positive direction. Generally, food 

perceptions are largely influenced by concerns about poor animal welfare, potential 

climate impacts, sustainability, health benefit, and farming conditions (Funk et al., 2021; 

Hoerterer et al., 2022a; Petereit et al., 2022a; Wongprawmas et al., 2022; Zander & 

Feucht, 2018). The general public continues to evaluate aquaculture seafood production 

negatively due to serious ecological and environmental problems in recent decades (Altiok 

et al., 2021; Bogard et al., 2019; Ruiz et al., 2019; Wongprawmas et al., 2022). The 

greatest concerns involve the proportion of wild-caught fish in aquaculture feeds and the 

welfare of farmed animals (Bogard et al., 2019; Farmery et al., 2022). 
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Consequently, alternative feeds and improving fish welfare are the most important factors 

in transforming consumer perceptions towards more favourable attitudes. This 

dissertation analyses and discusses both of these aspects in greater depth. Consumer 

perspectives on seafood are examined first in more detail to better understand and 

contextualise the underlying background. 

In the context of a healthy and sustainable diet, seafood consumption has the potential to 

play an essential role in human nutrition due to its health-promoting properties and high-

protein content (Balami et al., 2019; FAO, 2022; Pal et al., 2018; Pieniak et al., 2008). 

Among other things, fish products may lower the risk of heart attacks, protect against 

certain types of cancer and thrombosis, decrease blood clotting tendencies, and enhance 

child growth and development (Bogard et al., 2019; Geelen et al., 2007; Mori et al., 1997; 

Pieniak et al., 2008). Moreover, fish provide a broad range of nutritional benefits, including 

vitamins, minerals, fatty acids, and high-quality proteins (Bogard et al., 2019; De Boer et 

al., 2020; Pal et al., 2018). 

Intensive fish farming has the greatest transformative potential for sustainable 

consumption and food security in Europe (Eurobarometer, 2019; FAO, 2020; Hackenesch 

et al., 2016). However, consumers distrust fish from intensive aquaculture because of 

environmental risks, unrestricted use of antibiotics, and unsustainable use of resources, 

such as the exploitation of wild fish stocks (Godfray et al., 2018; Mog et al., 2020; Naylor 

et al., 2020; Pieniak et al., 2008). It is believed that the media’s false, outdated, and 

misleading information often shape negative consumer attitudes in Europe (Govaerts, 

2021; Hoque et al., 2020; Pulcini et al., 2020). Antibiotics, for instance, have been subject 

to strict regulations since 2006 based on drug resistance, food safety, and environmental 

risks and are now used only when necessary (Assefa & Abunna, 2018; Burridge et al., 

2010; Lulijwa et al., 2020; Sapkota et al., 2008). These misconceptions might cause 

knowledge gaps among consumers and thus are a potential contributing factor to the low 

consumption rates of farmed fish in Europe compared to Asia (Banovic et al., 2019; Boase 

et al., 2019; Gaviglio A., 2009; Menozzi et al., 2020). Consumer education on RAS could 

help improve public perception as less antibiotics need to be used in controlled farming 

systems, resulting in less environmental impact and better fish health attributes (Badiola 

et al., 2018; Cristiano et al., 2022). 
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Unfortunately, consumers’ perceptions do not always match their claims, making 

interpreting of purchasing behaviour a complex subject. The literature highlights that the 

major drivers of seafood purchases are demographics, knowledge, net income, and 

personal background, such as traditions and culture (Baabou et al., 2017; Boase et al., 

2019; Funk et al., 2021; Jonell et al., 2016; Petereit et al., 2022a; Verbeke et al., 2007; 

Vinayak and Arora, 2018; Yi, 2019). Consequently, these factors need to be considered 

when promoting sustainable ecological intensification of aquaculture production (Raworth, 

2017; Wiedmann & Lenzen, 2018). However, neither demographics, net income, nor 

traditions can be easily changed through campaigns or policies. Therefore, the only thing 

that can be proactively changed among consumers is to increase awareness and 

knowledge about seafood. Accordingly, it is essential to determine the level of knowledge 

at the individual consumer level and how perceptions can be positively and more 

sustainably influenced through future campaigns (Boase et al., 2019; De Boer et al., 2020; 

Funk et al., 2021; Hoerterer et al., 2022a; Petereit et al., 2022a; Pulcini et al., 2020; 

Wongprawmas et al., 2022). 

An emerging aspect of sustainable consumption is “green purchasing” (Lucas et al., 2018; 

Yi, 2019). Consumers are increasingly developing environmentally friendly behaviours 

that lead to the purchase of so-called green products. These products are sustainable, 

regionally produced, and environmentally friendly (Brécard et al., 2009; Jonell et al., 2016; 

Yi S., 2019). In contrast to these green purchasing attitudes is the volume of actual 

purchased products, indicating that price remains the main barrier to sustainable 

consumption (Asche et al., 2021; Lucas et al., 2018). Several studies have shown that 

consumers have a maximum price premium. They are willing to pay extra for seafood 

products labelled as sustainable (Ankamah-Yeboah et al., 2016; Asche & Bronnmann, 

2017; Bronnmann & Asche, 2016). This is in the range of around 20%, meaning anything 

above this level is rejected by consumers (Zander & Feucht, 2017). Unfortunately, majority 

of studies focus on overall seafood products and do not differentiate between fishery and 

aquaculture products, creating a data gap (Asche et al., 2021; Farmry et al., 2022; Jonell 

et al., 2016). 

In addition to price, feeding methods and product’s origin appear to be major factors for 

consumers (Alfnes et al., 2018; Jonell et al., 2016; Lawley et al., 2019). Szendro et al. 

(2020) have shown research indicating dual importance of feed selection and animal 
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origin, inclusive of rearing method (wild-caught, RAS, ponds, and so on), to consumers. 

Consequently, aquaculture farmers should focus both on the rearing system and the type 

of feed used for the fish. Furthermore, consumers are often still subjected to the 

misconception that wild-caught fish is healthier than fish from aquaculture (Banovic et al., 

2019; Schlag & Ystgaard, 2013; Thong & Solgaard, 2017). On the contrary, fish from land-

based aquaculture generally contains fewer toxic elements in the final product than wild 

fish, as hazardous substances from the sea bioaccumulate in wild fish (Ahmed & Turchini, 

2021; Cahu et al., 2004; Hamada et al., 2018; Schlag & Ystgaard, 2013). This is yet 

another reason why farmed fish from RAS may be a promising option for safe seafood 

consumption in the future. 

Consequently, educational campaigns that reflect how animals are raised are an excellent 

tool to raise awareness about animal welfare and their origins, including their farming 

conditions (Potter et al., 2021). One such management measure is the eco- label, a 

market-based economic tool designed to guide consumer purchasing behaviour towards 

aquaculture (Alfnes et al., 2018; Madin & Mukaratirwa, 2015). The criteria of a label can 

address environmental, social, and economic objectives (Cantillo et al., 2020). Therefore, 

eco-labels have become an essential strategy of environmental organisations and have 

been proven to impact consumers’ behaviour (Madin & Mukaratirwa, 2015; Potter et al., 

2021). They encourage consumers to consider sustainable products more and further 

motivate direct purchase of these labelled products (Zander & Feucht, 2018). More than 

230 eco-labels are listed and used in European trade, including 48 for aquaculture 

products alone (Ecolabel index, 2022; Asche et al., 2021). This wide variety of eco-labels 

is counterproductive and can be irritating to consumers (Asche et al., 2021; Petereit et al., 

2022a; Potter et al., 2021). The most prominent eco-label in Europe is a private 

certification scheme based on FAO guidelines developed in 2010, the Aquaculture 

Stewardship Council (ASC) (FAO, 2022). It was the first eco-label used to promote 

sustainable aquaculture and consumption campaigns (Yi S., 2019). Common to most 

labels is that they use life cycle assessment (LCA) to determine the sustainability and 

impact of a product (Alfnes et al., 2018; Cordella et al., 2020; Mungkung et al., 2006). LCA 

evaluates the domestic and international impacts of a product, that is, material 

consumption, infrastructure, energy, and all steps associated with the product 

manufacturing process (Cao et al., 2013; ISO 2006, Martins et al., 2010; Wilfart et al., 



Chapter I 

11 

 

 

 
2013). Usually, LCA is divided into four steps: a) definition of the system and its 

boundaries; b) translation of data into environmental impact indicators; c) results and 

analysis; and d) interpretation (Bergman et al., 2020; Cao et al., 2013; Martins et al., 

2010). LCA highlights that sustainable intensive fish farming needs to increase feed 

conversion ratio (FCR) (using alternative feeds), minimise external inputs (e.g. using 

RAS), and increase the use of renewable resources (e.g. circular economy) (Mungkung et 

al., 2006; Wilfart et al., 2013). Through the use of life cycle assessments conducted under 

eco-labels, consumers can self-assess the sustainability of a product and adjust their 

purchasing behaviour based on that information. LCA can include several categories 

useful to consumers, such as global warming potential, energy use, marine aquatic 

ecotoxicity, carbon footprint, water use, biomass reuse, or acidification (Bergman et al., 

2020; Bohnes et al., 2019; Cordella et al., 2020; Cristiano et al., 2022; Henriksson et al., 

2012). 

According to the LCA, feed has the greatest impact on all of the mentioned indicators 

(Bergman et al., 2020; Cao et al., 2013; Cordella et al., 2020; FAO, 2022; Glencross, B. 

D., 2020; Mungkung et al., 2006). An explanation for this is that most carnivorous fish 

feeds consist of fishmeal and fishoil, which are often perceived as unsustainable 

resources (FAO, 2020; Martins et al., 2010). This initiates the second part of my research, 

which addresses alternative feed concepts for improving sustainability and enhancing the 

performance parameters while guaranteeing the nutritional status and welfare of the fish 

in RAS. 

 
 
Sustainable fish feed ingredients 
 
 
In addition to positively influencing consumer perceptions, the expansion of intensive fish 

farming also requires innovation and improvement of commercial fish feed. Feeding fish in 

intensive aquaculture systems impacts growth rates, animal welfare, as well as animal 

health and accounts for up to 70% of total production costs (Dawood, 2020; Henry et al., 

2015). Therefore, multiple parameters must be considered when formulating alternative 

feed designs to maximise yield, increase environmental 



Chapter I 

12 

 

 

 
friendliness, and remain affordable to the farmer (Bennett et al., 2021; Hoerterer et al., 

2022b; Petereit et al., 2022b). 

In general, fish feed depends on the provision of essential nutrients, such as high-quality 

proteins, to promote growth and animal health (Bandara, 2018). The major protein sources 

in commercial diets for carnivorous fish are fishmeal and fishoil (FAO, 2020), primarily 

because of their high-protein content of up to 73% and their balanced essential amino acid 

(EAA) profile, which is necessary for fish health and growth (Bandara T., 2018; FAO, 2022; 

Luthada-Raswiswi et al., 2021). Fishmeal and fishoil are often extracted from marine fish 

stocks and have many drawbacks, such as high prices, supply shortages, or quality 

problems (Henry et al., 2015; Mahamud et al., 2022). It is worth noting in this context that 

fishmeal from marine fish is still perceived by consumers as unsustainable, but for many 

parts of the world this is not the case. Especially Peruvian anchoveta (Engraulis ringens) 

fisheries have come to be considered sustainable through various management strategies 

(Canales et al., 2021; Pariona-Velarde et al., 2020). Nevertheless, fishmeal from marine 

fish stocks often faces quality problems from increased environmental impacts, such as 

microplastics and heavy metals, as well as high carbon footprint from long transport 

distances (Dağtekin et al., 2022; Loaiza et al., 2022; Pariona-Velarde et al., 2020). This is 

especially important in grave situations, such as global pandemic (e.g. COVID-19 or other 

diseases), political escalations (e.g. wars or other forms of conflict), or natural phenomena 

and disasters (El Nino, tsunamis, and others), which increase the need for autonomy 

(FAO, 2022; Mangano et al., 2022; Mirto et al., 2022). In the last years, aquaculture 

production faced challenges as supply chains collapsed, resulting in transportation 

bottlenecks (Ahmed & Azra, 2022; Carbonara et al., 2021; FAO, 2022). Therefore, 

sustainable, locally sourced, and cost-effective ingredients are required to meet the 

increasing demand for feed and reduce dependency on unsustainable resources (FAO, 

2022). 

Nutrient requirements vary among fish species, affecting both growth and stress 

parameters and consequently need to be addressed at a species-specific level (Luthada-

Raswiswi et al., 2021). In this study, adult European seabass (Dicentrarchus labrax) was 

used as a model fish for feeding experiments in RAS to determine the effects of alternative 

feed ingredients. Seabass is the most important aquaculture species in the Mediterranean 

Sea, ranking second after salmon in highest per capita consumption 
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(FAO, 2022; Llorente et al., 2020). Together with gilthead seabream (Sparus aurata), 

seabass accounts for over 90% of fish production in the Mediterranean and has a long 

history of aquaculture, making it a very well-researched species (FEAP 2017; Rigos et al., 

2020). Since it is a carnivorous fish, the protein requirement is high and must be 

considered while formulating new diets (Petereit et al., 2022b). By-products, plant 

compounds, and insects appear to be promising solutions to increase the sustainability of 

fish diets while ensuring growth and health (Bandara, 2018; Hoerterer et al., 2022b). 

The most promising solutions for fishmeal substitution are aquaculture and fishery by- 

products, along with hydrolysates (Al Khawli et al., 2019; Hua et al., 2019; Siddik et al., 

2021). By-products are defined as substances that are obtained secondary as part of an 

integrated primary production process and can be reused directly without any additional 

processing steps, provided that they meet all regulatory requirements (Fraga et al., 2022). 

Some examples are damaged fish, wastes, as well as other body parts unsuitable for 

human consumption (Campanati et al., 2022; Siddik et al., 2021). Aquaculture, along with 

fishery product wastes, has significant potential to serve as an alternative protein source. 

However, these wastes, which represent up to 60% of production, are usually converted 

into low-value products, such as fishmeal or fertilizers (Siddik et al., 2021). A more viable 

option to process these waste materials would be so-called fish protein hydrolysates 

(FPH). FPH are processed raw materials that are more energy efficient than byproduct 

fishmeal (Hoerterer et al., 2022b; Siddik et al., 2021). Fish protein hydrolysates are 

degradation products of the enzymatic hydrolysis of proteins into smaller peptides (Desai 

et al., 2022; Pariona-Velarde et al., 2020). This process reduces the peptide size to 

approximately 2 to 20 amino acids, making hydrolysates a source with excellent 

physicochemical properties, such as increased solubility and fat-binding capacity, and 

resulting in improved feed digestion and nutrient uptake (Gajanan et al., 2016; Malcorps 

et al., 2020; Pariona-Velarde et al., 2020; Siddik et al., 2021). 

Besides aquatic animal by-products, several terrestrial animal by-products are also 

evaluated, including potential feed ingredients for aquatic diets, such as poultry meal, 

blood meal, and feather meal (Bandara, 2018; Luthada-Raswiswi et al., 2021). Their 

advantages are fewer wasted resources, cheaper rate, prevalence of nutrient-friendly 

compounds, and ease of production (Forster et al., 2006; Napier et al., 2020). One 

negative aspect of these by-products are the lack of nutrients and EAAs for the fish, as 
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well as strict European regulations on their use (Bandara, 2018; Luthada-Raswiswi et al., 

2021). These stringent guidelines resulted from severe animal diseases recorded in the 

past, such as bovine spongiforme Enzephalopathie (BSE) and avian influenza (Luthada-

Raswiswi et al., 2021). 

Plant proteins are another attractive alternative to animal by-products because of their 

high lipid and protein content (Beal et al., 2018; Luthada-Raswiswi et al., 2021). However, 

plant-derived proteins have an unbalanced amino acid (AA) profile and nutrient 

deficiencies for carnivorous fish, which can potentially cause inflammation in the digestive 

tract (Beal et al., 2018; Bandara, 2018; Henry et al., 2015; Jannathulla et al., 2019). This 

can be ameliorated, though, by either combining different types of plants or by adding 

essential AAs to compensate for the deficiency (Beal et al., 2018; Bandaga, 2018). A 

further issue with crops is their sustainability and ecological footprint (Banerjee et al., 

2021). Since human population is growing, more and more arable land is being utilised, 

with agriculture competing for land use, water availability, and energy, making some crops 

decreasingly sustainable for fish feed (FAO, 2022; Henry et al., 2015). 

The main vegetable ingredient in most commercial fish feeds is soya bean, which is often 

utilised as soybeanmeal (SBM). In recent decades, SBM has become an important 

alternative protein source in aquaculture, owing to its high protein content of up to 50%, 

faster growth rates, and low prices (Henry et al., 2015; Pereira et al., 2020). One the other 

hand, antinutritional factors in soya bean, such as sapions and phytic acid, reduce the 

production of important enzymes in fish and negatively affect the digestion of proteins and 

lipids (Bandara, 2018; Beal et al., 2018). These can be counteracted by the inclusion of 

EAAs and other additives, as has been done with other plant species (Dawood et al., 2018; 

Hua et al., 2019; Jannathulla et al., 2019). However, in recent years, sustainability concerns 

have surfaced as the extensive and ever-growing cultivation of soy has led to deforestation 

and loss of biodiversity, as well as other major environmental and social problems 

(Carbonara et al., 2020; Pereira et al., 2020). In fact, 60% of the global deforestation is 

associated with SBM and derivatives consumed by EU countries (European Technical 

Report, 2013). This dependency of European countries makes the market highly 

vulnerable to price volatility and trade distortions, especially in terms of global crises 

(Ahmed & Azra, 2022; Mangano et al., 2022; Pereira et al., 2020). 
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A more independent alternative to terrestrial plants are microalgae, which can easily be 

produced at low costs (Oostlander et al., 2020). Microalgae represent a natural food 

source of marine species and hold great potential for replacing fishmeal and fishoil with 

up to 60% of protein content, as well as multiple other valuable nutrients (Beal et al., 2018; 

Nagarajan et al., 2021). Furthermore, they can support the maintenance of water quality 

in RAS, and their antioxidants may improve stress tolerance in animals (Han et al., 2019; 

Nagarajan et al., 2021). However, microalgae are a relatively new component in 

aquaculture, and continued research is needed to evaluate their full potential. 

Another relatively novel ingredient for fish feeds is insects, a natural diet for both 

freshwater and marine species, which leave a small ecological footprint and require only a 

little space (Henry et al., 2015; Luthada-Raswiswi et al., 2021; Szendrő et al., 2020). In 

addition, insects are high in amino acids, lipids, minerals, vitamins, and proteins (50– 82% 

of dry matter), which makes them a promising alternative for fishmeal and fishoil (Bandara, 

2018; Henry et al., 2015). Since they grow on terrestrial agricultural waste, insects require 

nearly no land or water and generate low carbon emissions while biodegrading as waste 

products (Bandara, 2018). The main problem, however, is consumer perception and laws 

in Europe, which still hamper the commercially viable cultivation of insects (Lawley et al., 

2019). Raising awareness of alternative ingredients is thus an important tool to support 

sustainable fish aquaculture and increase its consumption. 

 
 
Fish welfare in RAS 
 
 
The implementation of enhanced animal welfare has become a top priority for farmers due 

to increasing pressure on well-functioning and intensive fish farming (Ceinos et al., 2019; 

Martos-Sitcha et al., 2020; Ytrestøyl et al., 2020). However, intensive livestock production 

causes stress and affects the health, survival, and growth of animals, resulting in overall 

poor welfare (Ashley, 2007; Toni et al., 2019). This low welfare, in turn, affects farm 

productivity and negatively impacts consumer perceptions, which again leads to 

decreased sales. 
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The understanding of fish welfare and consideration of this aspect in aquaculture farms is 

relatively new. In 1992, the UK Council for Farm Animal Welfare established five freedoms 

for the protection of animals on farms, which were expanded in 2006 by the European 

Convention for farmed fish (Council Farm Animal Welfare, 1992; Council of Europe, 2006). 

Moreover, in 2010, Directive 2010/63/EU established guidelines for the protection of 

animals used for scientific purposes, stating that “[…] vertebrate animals including 

cyclostomes, cephalopods, need to be protected […] as there is scientific evidence of their 

ability to experience pain, suffering, distress and lasting harm “ (Stien et al., 2020). This 

guideline ensures that all animals used for human purposes are provided with food, water, 

appropriate environment, and care according to their species-specific health and well- 

being. 

To ensure fish welfare, a precise biological knowledge of the species is mandated (Toni et 

al., 2019). Assessing welfare requires multi-level approaches due to species dependency, 

high individual variability, and interwoven complex metabolic processes (Ashley, 2007; 

Carbonara et al., 2020; Martos-Sitcha et al., 2020; Tort, 2011). Indicators of welfare are, 

for instance, health status, behaviour, water quality, and specific metabolic compounds, 

including cortisol, glucose, and lactate (Barreto et al., 2022; Martos-Sitcha et al., 2020; 

Vis et al., 2020). Such factors make it imperative to study each species individually to 

obtain the best possible results for the farmer. The last chapter of this dissertation 

explicates a circadian rhythm (CR) experiment that determines the first trend in the day 

and night rhythm of turbot (Scophthalmus maximus) and evaluates its best aquaculture 

practices. 

Turbot is a valuable marine fish with a production volume of 8.395 mmt in the EU are high 

prices and is appreciated by consumers for its white, mild-tasting filet, usually low in fat 

(2–4%) (FAO, 2020; Fraga-Corral et al., 2022; Malcorps et al., 2020; Pyanov et al., 2021). 

Turbot are typically cultured in RAS and the growth and health of this species have been 

well studied (Fraga-Corral et al., 2022; Hoerterer et al., 2022b). However, the stress 

physiology within this species remains poorly understood and in addition, to date, no study 

has addressed the CR of turbot. Extrapolating from one species to another is highly 

speculative as stress physiology varies strongly not only in intraspecific but also 

interspecific cases (Ashley, 2007; Barton, 2002; Ellis et al., 2011; Pankhurst, 2011). 
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Therefore, it is necessary to determine the circadian rhythm of each aquaculture species to 

achieve the best species-specific performances. 

Increasing concern for animal welfare has resulted in the expansion of research to define 

and sustainably minimise stressful situations for fish. In this context, the circadian rhythm in 

aquaculture has become an emerging issue. The biological system underlying the CR 

controls every living organism and greatly influences their metabolism, and consequently, 

growth, feeding, and health (Prokkola et al., 2018; Sanchez-Vazquez et al., 2019). 

Therefore, understanding the circadian rhythm of aquaculture fish is critical to maximize 

productivity and optimizing yield and welfare. The CR consists of multiple molecular 

processes as well as several clock genes such as per, clock, bmal, and others (Pilorz et al., 

2018; Sanchez- Vazquez et al., 2019). These clock genes synchronize all metabolic 

functions according to the environmental conditions to increase the fitness of the animal 

(Prokkola et al., 2018). The CR is thus responsible for numerous cellular processes, 

including stress and immune responses as well as appetite (Ceinos et al., 2019; Nikkhah, 

A., 2015; Pilorz et al., 2018; Prokkola et al., 2018: Zheng et al., 2021). Previous studies 

have shown that reduced feed intake in fish is a distinct behavioural response to stress 

and affects not only growth but also their welfare and body composition, and thus yield 

and profitability for the farm (Assan et al., 2021; Dawood et al., 2020; Lopez-Olmeda et 

al., 2009; Yang et al., 2018). Choosing the right feeding time according to the animal's 

natural metabolism is therefore important for both physiological and economic reasons. 

The CR is driven by biotic and abiotic parameters and is particularly sensitive to changes 

in light (Choi et al., 2020; Pilorz et al., 2018; Sanchez- Vazquez et al., 2019). Hence, 

understanding CR is critical for intensive aquaculture farms, which manipulate abiotic 

factors, such as light, temperature, salinity, etc., to increase efficiency, especially in RAS 

(Choi et al., 2020; Prokkola et al., 2018). 

Of special interest to intensive fish farming is that food intake and utilization can vary 

significantly even within a 24-hour cycle and are regulated by endocrine mechanisms and 

are strongly influenced by stress (Assan et al., 2021; Barton, 2002). Stress is generally 

defined as the disruption of physiological or biological mechanisms caused by internal and 

external factors commonly referred to as stressors (Barton, 2002; Ramsay et al., 2009; 

Wendelaar Bonga, 1997). In intensive fish farms, fish are exposed to many different 

stressors, such as high stocking densities, transportation, or restricted and 
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unfamiliar environments (Long et al., 2019; Martos-Sitcha et al., 2020). Previous studies 

have shown that reduced feed intake in fish is a distinct behavioural response to stress 

and affects growth and fish welfare (Assan et al., 2021). However, in most commercial 

fish farms, animals are fed according to fixed feeding schedules instead of adapting to the 

animals' metabolism in a species-specific manner (Callier et al., 2017; Pratiwy et al., 2021; 

Pilorz et al., 2018). Therefore, an optimized feeding regime could improve feed conversion 

at no additional cost to the farmer, which results in higher profitability. Moreover, avoiding 

feed wastage through proper feeding minimizes the loss of expensive feed and the 

accumulation of nitrogenous wastes in the water, which could be toxic to fish (Assan et 

al., 2021). 

There are many indicators to analyze stress in fish, and cortisol is among the most 

established and commonly used in circadian rhythm studies (Cowan et al., 2017; Prokkola 

et al., 2018; Tort, 2011; Valencuela et al., 2022). However, in addition to cortisol as a stress 

marker, glucose is critically vital in aquaculture operations due to its influence on animal 

nutrient availability and oxygen consumption (Prokkola et al., 2018). Oxygen availability 

is often a limiting factor in intensive farms, as well as an optimized feed conversion ratio 

to improve productivity (Assan et al., 2021). Furthermore, together with other sugars, 

glucose is the main energy supplier of the organisms since it is metabolized into adenosine 

triphosphate (ATP) during gluconeogenesis (Cowan et al., 2017). That is important as the 

availability of energy in the organism helps the animal to better cope with stressful 

situations (Valenzuela et al., 2022). 

Furthermore, previous studies have demonstrated a close link between fish's 

immunological and stress responses and, consequently, circadian rhythms (Montero et 

al., 2019; Schleiermann et al., 2013; Valenzuela et al., 2022). Stress suppresses immune 

responses when fish are exposed to stressors such as feed intake, handling, or 

care/transport practices, and as a result, increases the risk of disease outbreaks 

(Hernández-Pérez et al., 2019; Sakai et al., 2021; Skouras et al., 2003; Song et al., 2021). 

Immune and stress parameters are related to the natural metabolism of fish and change 

within seasonal and daily fluctuations (Subbotkin & Subbotkina, 2021). Therefore, it is 

important to look at both stress and immune parameters, and one well- studied immune 

component in fish are lysozymes (Smith et al., 2019; Song et al., 2021; Subbotkin & 

Subbotkina, 2021). Lysozymes play an essential role in the innate immune 
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system, and blood concentrations are directly linked to concentrations in the liver (the 

major lysozyme-producing organ) (Valenzuela et al., 2022). These are enzymes with 

antimicrobial activity, i.e., they eliminate pathogens in the organism and show decreased 

levels during times of high stress (Shakoori et al., 2018; Song et al., 2021). Lysozymes 

are part of the non-specific immune lineage and, like all immune responses, have a high 

energy expenditure (Subbotkin & Subbotkina, 2021). This has particular implications for 

fish health, and a better understanding could reduce the risk of disease outbreaks and 

lower stress levels as well as increase food intake and utilisation in aquaculture 

operations. Therefore, it is crucial to know the processes that occur over a 24-hour period 

in order to adjust the feeding timing (during stressed and non-stressed periods throughout 

the day) to the metabolism of the fish. Consequently, knowledge of these processes could 

contribute to improve farm productivity by optimising the feeding time of the animals, 

reducing their stress, and consequently increasing welfare and farm profitability. 

To understand these molecular metabolic processes of an organism, metabolomics is a 

powerful analysis to identify its key pathways (Deborde et al., 2021; Hatzakis, 2019). 

Metabolomics is the study of endogenous metabolite profiles in biological samples, like 

body fluids such as plasma and serum (Macias et al., 2019; Samuelson et al., 2006). It is 

and an effective approach to elucidate the interactions between aquatic organisms and 

their environment (Samuelson et al., 2006), discover biomarker profiles (Macias et al., 

2019), and gain deep insights into mechanisms associated with circadian rhythms in fish 

(Figueiredo et al. 2020; Lopes et al., 2022; Montero et al., 2019). Similar to any living 

organism, fish are composed of distinct molecules, such as lipids, water, proteins, 

carbohydrates, vitamins, amino acids, and other metabolomic compounds that can be 

measured using nuclear magnetic resonance (NMR) spectroscopy (Hatzakis, 2019; 

Steinsholm et al., 2020). The application of this technique is relatively new in the biological 

field and has rapidly increased over the past 20 years (Capello, 2020; Crook & Powers, 

2020; Tavares et al., 2022). 

NMR spectroscopy is a qualitative analytical tool commonly used for metabolomics and 

becoming increasingly important for aquatic species (Crook & Powers, 2020; Deborde et 

al., 2021; Roques et al., 2021; Tavares et al., 2022). Considered a non-destructive method 

of analysis, it allows for high reproducibility, qualitative metabolic profiling, rapid 
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analyses, and cost efficiency (Capello, 2020; Hatzakis, 2019). Among the other benefits of 

NMR are its unbiased assessment for metabolite data, making it an ideal tool for non- 

targeted analyses (Tavares et al., 2022; Young & Alfaro, 2016). NMR spectroscopy 

provides information on the overall metabolic state of an animal and can be implemented in 

cells, tissues, organs, plasma, or even whole organisms (Capello, 2020; Crook & Powers, 

2020; Roques et al., 2018). The majority of NMR-based environmental metabolomics 

studies focus on 1H NMR spectroscopy to investigate the metabolome of a broad range 

of samples, both biofluids and tissues (Aru et al., 2021). In broad terms, NMR 

spectroscopy utilises signal intensity to determine the number of individual nuclei within a 

sample (Cullen et al., 2013). This enables the identification of a quantifiable measure of 

molecules and hence underlying metabolic processes, such as the CR (Deborde et al., 

2021; Roques et al., 2021). 

 
 
Thesis objectives 
 
 
This dissertation focuses on the relationship between consumer perceptions and the 

development of alternative feed concepts, as well as fish welfare in recirculating 

aquaculture systems. Chapter II provides an overview of the publications produced during 

my PhD, and the following three chapters present my first authored manuscripts. Chapter 
VI provides a discussion of my findings, implications for aquaculture, limitations of my work, 

and final recommendations for the future. 

I seek to improve the overall understanding of sustainable aquaculture in Europe through 

the following objectives, which are addressed in Chapters III, IV and V, respectively. 

 

Objective 1 (Chapter III): My first objective was to investigate consumer perceptions of 
seafood at various knowledge transfer events. I aimed to determine both country- specific 
differences as well as the state of scientific knowledge in order to address the following 
research questions: Does more scientific knowledge of seafood products increase 
consumer awareness? Does having more scientific knowledge bear the potential to 
positively change purchasing behaviour towards sustainable aquaculture products? How 
do country-specific differences affect seafood 
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perception? More precisely, how can we positively influence consumer perceptions and 

acceptability of more sustainable aquaculture products? 

 
Objective 2 (Chapter IV): Alternative feed concepts are needed to ensure sustainable 

production in intensive fish farms and life cycle assessment, described feed as the most 

critical influencing factor of all parameters relevant to consumers. Therefore, I evaluated 

the effects of alternative feed concepts for European seabass (Dicentrarchus labrax) in 

RAS and focused on the following research questions: Do alternative, more sustainable 

feed concepts provide the same parameter output for seabass relative to the commercial 

formulation of feed? Can sustainable ingredients derived through circular economy be the 

solution for improving productivity while being more environmentally friendly? 

 
Objective 3 (Chapter V): In addition to sustainable production, consumer perception also 

focuses on fish welfare, which is affected through metabolism. An internal clock is 

responsible for seasonal and daily variations of the metabolism, including digestion and 

growth. This internal clock system, called the circadian rhythm, fluctuates over a 24-hour 

period, is dependant on abiotic factors and is highly species-dependent. In turbot, the 

diurnal and nocturnal rhythms have never been studied from a metabolomic perspective. 

Therefore, in the final part of my dissertation, I will focus on the blood analysis of key 

metabolic elements in turbot held in RAS. My aim is to gain a baseline understanding into 

its circadian rhythm and address the following research questions: How does the circadian 

rhythm of turbot vary over a 24-hour period? What are the potential implications for 

aquaculture practices in the future? 
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 Chapter II 
 
 
 
 
 
 

This dissertation is the culmination of four years of 
ongoing research and is highlighted by three first- 
author manuscripts in various stages of publication 
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Publication I –III 
1st author Papers, included in this thesis 
 
 

Publication I 
Jessica Petereit , Christina Hoerterer, Gesche Krause (2022) 

Country-specific food culture and scientific knowledge transfer events–Do they influence 

the purchasing behaviour of seafood products? 

Aquaculture, 738590. https://doi.org/10.1016/j.aquaculture.2022.738590 

The design of the experiments was developed by the candidate and the other co- authors. 

The candidate run the experiment together with the second author. The candidate 

performed the lab work and statistical analysis of the data. The candidate, together with 

the second and last author, wrote the manuscript which was revised by all the co-authors. 

 
 
Publication II 
Jessica Petereit , Christina Hoerterer, Adrian A. Bischoff-Lang , Luís E. C. Conceição 

,Gabriella Pereira, Johan Johansen , Roberto Pastres and Bela H. Buck (2022) 

Adult European Seabass (Dicentrarchus labrax) Perform Well on 

Alternative Circular-Economy-Driven Feed Formulations 

Sustainability 2022, 14,7279. https://doi.org/10.3390/su14127279 

The design of the experiments was developed by the candidate and the other co- authors. 

The candidate run the experiment together with the second author. The candidate 

performed the lab work and statistical analysis of the data. The candidate, together with 

the second and last author, wrote the manuscript which was revised by all the co-authors. 
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Publication III 
Jessica Petereit , Björn Baßmann, Christian Bock, Gisela Lannig, Bela H. Buck (2022) 

Circadian rhythm in turbot (Scophthalmus maximus): Daily variation of blood metabolites in 

recirculating aquaculture systems 
Manuscript in preparation; Journal to be decided. 

The design of the experiments was developed by the candidate and the other co- authors. 

The candidate run the experiment alone. The candidate performed the lab work and 

statistical analysis of the data with the second, third and fourth author. The candidate wrote 

the manuscript which was revised by two co-authors so far. 

 
 
Publication IV – VII 

Collaborated Papers, partly included in the annex 
 
 
Publication V (included in annex 4) 
Christina Hoerterer, Jessica Petereit, Gesche Krause (2022) 

Informed choice: The role of knowledge in the willingness to consume aquaculture 

products of different groups in Germany. 

Aquaculture, 556, 738319. 
 
 
Publication IV (included in annex 5) 
Christina Hoerterer, Jessica Petereit, Gisela Lannig, Johan Johansen, Gabriella V. 

Pereira, Luis E. C. Conceição, Roberto Pastres, Bela H. Buck (2022) 

Sustainable fish feeds: potential of emerging protein sources in diets for juvenile turbot 

(Scophthalmus maximus) in RAS 

Aquaculture International, 1-24. https://doi.org/10.1007/s10499-022-00859-x 

The candidate designed the experiment with the first and last author. The candidate 

performed the feeding and sampling part of the experiment, the data analysis of that part 

and the lab work for several parameter. The candidate wrote the manuscript in close 

cooperation with the first author. All the authors revised the final manuscript. 
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The candidate designed the experiment with the first and last author. The candidate 

performed the data gathering, the data analysis of that part and wrote the manuscript in 

close cooperation with the first author. All the authors revised the final manuscript. 

 
 
Publication VI (Manuscript version not included) 
Christina Hoerterer, Jessica Petereit, Gisela Lannig, Johan Johansen, Luis E. C. 

Conceição, Bela H. Buck (2022) 

Effect of diets of plant and animal protein sources and replacement level on growth and 

feed performance and nutritional status of market size turbot (Scophthalmus maximus) in 

RAS 

Under Review in Frontiers in Marine Science - Marine Fisheries, Aquaculture and Living 

Resources, special issue: Integration of Sustainability, Preservation of Biodiversity and 

Conservation Goals in Aquaculture 

The candidate designed the experiment with the first and last author. The candidate 

performed the data gathering and the data analysis with the first author. The candidate 

and all the other co-authors revised the final manuscript. 

 
 
Publication VII (not included) 
Krause, G.; Hoerterer, C., Petereit, J. (2020) 

Report on consumer and stakeholder acceptance of eco-intensification measures, 

including impact assessment of improved information availability. Deliverable 3.7. GAIN 

- Green Aquaculture Intensification in Europe. EU Horizon 2020 project grant nº. 773330. 

74 pp. 

The candidate conducted data collection, data analysis, an intensive literature research, 

and report design with the first and second author. The candidate and all other co- authors 

revised the final manuscript. 

https://www.frontiersin.org/journals/655/sections/1091
https://www.frontiersin.org/journals/655/sections/1091
https://www.frontiersin.org/research-topics/38206/integration-of-sustainability-preservation-of-biodiversity-and-conservation-goals-in-aquaculture
https://www.frontiersin.org/research-topics/38206/integration-of-sustainability-preservation-of-biodiversity-and-conservation-goals-in-aquaculture
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A R T I C L E 
IN F O 
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analysis, 
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A B S T R A C T 
 
A positive perception of aquaculture products is essential to boost production by using more sustainable and 
eco- friendly solutions. However, consumer perception and resulting purchasing decisions remain poorly 
understood. In most European countries, the consumer perception tends to be rather negative, which is 
reinforced by knowledge gaps and misleading information from the media. This is believed to have the greatest 
impact on the current low consumption rate of farmed fish across Europe. Previous research has suggested 
that consumers may often be reluctant to change their seafood purchasing behaviour despite having a solid 
scientific understanding of aquaculture products and their mode of production. In this study, we investigated the 
extent to which country- specific contexts and degree of scientific knowledge contribute to the purchasing 
behaviour of consumers across Europe. To this end, interactive poster surveys and semi- structured interviews 
were conducted at eight different knowledge transfer events (KTEs) across three countries, targeting 383 
participants. The application of a yet underutilized method, an interactive poster survey, underscored the need 
to use new approaches to tackle consumer behaviour. 
Our results indicate that increased scientific knowledge does not lead to changes in purchasing behaviour per 
se. Perceptions and purchasing habits are very contextual and vary from culture to culture. This points to 
the highly interlinked nature of country-specific marine food culture that ranges between individual 
awareness, scientific knowledge, and socio-cultural contexts, all of which renders in resulting individual 
purchasing decisions. Our results suggest focusing more on the sustainability of a product and 
emphasising the ongoing transition towards a circular economy approach in the aquaculture sector may be 
a promising pathway to foster more sustainability-driven purchasing decisions in the seafood sector. Our 
findings also question whether trying to educate the public about more sustainable purchasing criteria is 
really the key to foster more sustainable consumption patterns or whether we are working from misleading 
assumptions that lead to wrong approaches. In conclusion, a lack of clear and easily accessible information 
appears to be the main barrier to social acceptance of sustainable aquaculture products in Europe. 

 
 

 

Introduction 
 
Roughly 60% of the world's marine fish stocks are fully 
exploited, and 33% are overfished all of which call for 
transformation in the sea- food sector (FAO, 2018, López-Mas et 
al., 2021). This is especially timely in the European Union, 
where consumers use three times more seafood than is 
produced, making Europe the largest importer of seafood in the 
world (Kresic et al., 2020). 
Under this umbrella, marine aquaculture is believed to boost 
the highest transformative potential towards more sustainable 
pathways of future food security (Altintzoglou et al., 2020; 
Eurobarometer, 2018; Kreš ić et al., 2020; Hackenesch et al., 
2016). 

 
  One approach to promote sustainable aquaculture growth is the 
concept of eco-intensification, i.e., production sufficient to meet the 
needs of the human population while respecting environmental 
needs and promoting health benefits (Aubin et al., 2019; O'Donncha 
and Grant, 2019; Pieniak et al., 2010). Eco-intensification is a 
challenge that requires the integration of scientific and technical 
innovations as well as addressing social considerations to promote 
the implementation of the principles of circular economy in 
aquaculture (Aubin et al., 2019; Føre et al., 2018). Seafood has 
positive health attributes, such as reduced cardiovascular disease

Aquacultur
e 
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risk or better neural development during childhood (Boase 
et al., 2019; Menozzi et al., 2020; Willett et al., 2019). Thus, 
especially the health benefits seem to have a high 
influence on the purchasing behaviour of the consumer 
(Hoque and Alam, 2020; Pulcini et al., 2020; 
Wongprawmas et al., 2022). 
However, the general perception of aquaculture products 
in most European countries tends to be negative, e.g., due 
to concerns about animal welfare, potential climate 
impacts on aquaculture production, as well as general 
sustainability characteristics (Alexander et al., 2016; 
Claret et al., 2016; Feucht et al., 2018; Hoerterer et al., 
2022a; Wong- prawmas et al., 2022). This negative 
perception is believed to have the greatest impact on the 
low consumption rates of farmed fish in Europe and can 
be mainly linked to false and misleading information in the 
media (Govaerts, 2021; Heide and Olsen, 2017; Krě sí c et 
al., 2020). This misrepresentation of aquaculture and the 
resulting knowledge gaps, especially in Europe, leads to a 
prevailing overall negative perception of farmed seafood 
(Froehlich et al., 2018; Hoque and Alam, 2020; Thomas 
et al., 2018) and leads to low consumption rates of 
aquaculture products in Europe (Banovic et al., 2019; 
Boase et al., 2019; Gaviglio, 2009; Menozzi et al., 2020; 
Schlag, 2013). The literature suggests that the key drivers 
of seafood consumption are demographics, knowledge, 
and personal background (traditions, culture, etc.) (Boase 
et al., 2019; Verbeke et al., 2007; Vinayak and Arora, 
2018). These need to be considered when promoting 
sustainable eco-intensification of aquaculture production, 
given the social boundaries closely linked to the labour 
market and public health (Gerten et al., 2020; Raworth, 
2017). Thus, the only thing that can be actively changed 
in a society is to increase awareness and knowledge, 
which is why it is crucial to understand the level of 
knowledge on the individual consumer level (Boase et al., 
2019; Krě sí c et al., 2020; Wongprawmas et al., 2022). 
In light that consumers often have limited knowledge 
about aqua- culture in general, it is assumed that 
positive attitudes, shaped by improved scientific 
knowledge towards seafood, can increase its 
consumption and thus influence the overall 
sustainability of this sector (Kre ší c et al., 2020). 
Therefore, the increase in consumption and awareness 
is related to companies placing more importance on and 
promoting of these factors. However, despite 
increasing awareness and campaigns aimed at 
changing consumer habits towards buying sustainable 
aquaculture products, overall consumer and Yang, 
2011). Indeed, to find an influential market strategy, it is 
crucial to understand consumer preferences, 
perceptions and choices (Menozzi et al., 2020; Hoque 
and Alam, 2020). Under this premise, the EU Horizon 
2020 project GAIN (Green aquaculture intensification 
in Europe funding N◦ 773,330) commenced in 2018. 
This project has a strong focus on investigating the 
potential of ecological intensification of European 
aquaculture. Key elements of this project are feed 
improvements, circular economy, precision 
aquaculture, policy, and markets. Drawing on a 
transdisciplinary approach, research efforts are focused 
on integrating scientific and technical in- novations, new 
policy and economic instruments, and reducing social 
constraints, i.e., identifying and addressing the 
prevalence of negative perceptions of aquaculture 
(https://www.gain2020.com). 

Within the framework of the GAIN project, this study investigated:  
Research question (RQ 1): What role do cultural preferences of individual  
countries play in consumer choices? 
RQ 2: Does more scientific knowledge about seafood products lead to  
increased consumer awareness and thus hosts the potential to positively 
change purchasing behaviour towards sustainable aquaculture products?  
More specifically, does improved scientific knowledge transfer in different 
European Union countries has the same effect on the purchase of 
aquaculture seafood products? 
RQ 3: How can we positively nudge the consumers perception and 
acceptance towards more sustainable aquaculture seafood products? 
To address these somewhat intangible research questions and especially 
the role of scientific information as baseline for individual decision-making 
therein, a novel mixed-method approach is required. This is elaborated on 
more detail in the next section. 
 
2. Material and methods 
 
This study is the first to look specifically at the role of scientific knowledge 
rather than general consumer awareness at large. To this end, an 
interactive poster study approach was selected in order to better exchange 
with participants and understand their motivations within a rather informal 
setting. Such interactive poster studies are still rarely used, and more 
investigations about them are needed to draw better conclusions about 
their practicability. As such, this is the first study of its kind and is primarily 
intended to uncover initial trends rather than statistically relevant data, 
which would be needed in subsequent studies to fully validate these 
primarily findings obtained here. 
Based on an extensive literature search, we identified several criteria that 
have the biggest influence on the individual purchase decision: price, 
health benefits, importance of certification, animal welfare, and product 
processing (Cantillo et al., 2021; Krě sí c et al., 2020; Menozzi et al., 2020; 
Pulcini et al., 2020). We decided to focus on these central five criteria in 
order to make the posters as simple and accessible as possible vis á vis to 
obtain first insight into the differences concerning the magnitude of 
available scientific knowledge and its respective influence on individual 
decision-making. Employing a mixed-method approach (Danermark et al., 
2019; Kelle, 2014; Levitt et al., 2018), the selected purchase criteria were 
quantitatively assessed via an interactive poster survey, followed by a 
series of semi-structured interviews for descriptive refinement and 
validation (Dale and Kline, 2017; Esterberg, 2002; Mabrouk et al., 2018; 
Rowe and Ilic, 2009). This makes this approach particularly effective 
(Diebold et al., 2017; Michalsky et al., 2018). All methods were pre-tested, 
and the outcomes of the first surveys were choices of seafood are still 
poorly understood and highly complex (Almeida et al., 2015; Hughes 
and Black, 2016; Moschitz et al., 2021; Solgaard  
further refined. 
 

Poster surveys 
In order to clarify the specific national context of consumers, we conducted 
a series of interactive poster surveys to validate findings from collated 
secondary data sources (FAO country statistics and Eurobarometer). This 
method is highly suitable if unbiased data is needed on a specific topic 
(Pratt et al., 2000; Salzl et al., 2008; Hilton, 2015). However, a prerequisite 
for the application is to allow enough space for responses (which we 
ensured by the subsequently conducted semi-structured interviews) and 
not to present too many details (Altintzo- glou et al., 2018). Furthermore, 
the format must be clear from the onset and must include the thematic 
focus of interest. In our case, the focus was 1) to gain an understanding of 
consumption preferences of aquaculture products and 2) on the 
importance of individual viewpoints on eco-intensification measures 
concerning purchase criteria with regard to different scientific knowledge

https://www.gain2020.com/
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degrees. In this way, it is possible to estimate how much 
scientific knowledge, expectations, and assumptions 
participants have about aquaculture at the individual level as a 
first approximation. Thereby, we follow Esterberg's call (2002) 
for knowledge exchange as a relationship between two 
individuals who come together “to try to create meaning about a 
particular topic,” thereby drawing on a range of different social 
conventions and cultural knowledge. In this regard, an 
interactive poster survey is more open, easier accessible and 
conversational than a structured interview or questionnaire. 
 
Pre-test 
The first draft of the poster survey was pre-tested (Pratt et al., 
2000; Altintzoglou et al., 2018; Ikart, 2019) at a non-coastal 
(inland) research institution (Germany) to get a better idea of 
the perceptions of laypeople that have no professional 
relationship with aquaculture. Thus, a limited degree of scientific 
knowledge of aquaculture can be assumed. This pretest 
revealed that it is essential to add the option “not eating seafood 
at all” to the Poster inquiry, as well as to provide room to enquire 
about other marine species. The pre-test also revealed the 
problem of language and understanding of the questions, which 
was modified towards more simple language use in the poster 
surveys. 

Poster survey at knowledge transfer events  

Interactive posters are an effective way to engage, 
communicate, and share information with attendees of all types 
(Dale and Kline, 2017; Michalsky et al., 2018). In this study, we 
used this type of poster surveys at different scientific venues as 
a validation method, which has been shown to be an effective 
tool when combined with semi-structured interviews (Hulland et 
al., 2018). Surprisingly, very few studies explore an interactive 
approach, despite that posters are standard tools at scientific 
conferences (Diebold et al., 2017; Mabrouk and Schelble, 
2018). In addition, previous attempts to motivate scientists to 
conduct online surveys at conferences are highly challenging 
(see Hoerterer et al., 2022b). This can be related to the 
observation that people are rather unwilling to undergo an 
online survey whilst being more motivated to look at posters and 
indicate their preferences briefly in an easily accessible manner. 
The poster survey aimed to quantitatively identify the prevalent 
purchase criteria and species preferences (Annex 1). The 
presented species ranged from marine Atlantic salmon (Salmo 
salar) and sea bream (Sparus aurata) to freshwater rainbow 
trout (Oncorhynchus mykiss) since these are the most 
commonly cultured finfish in terms of value and production 
volume in Europe (EUMOFA, 2019a; FAO, 2018). In the EU- 
GAIN project, these three species were the central candidates 
for circular economy approaches in aquaculture (Hoerterer et 
al., 2022a; Petereit et al., 2022 in preparation). 

 
However, for the poster survey in Spain, trout was exchanged with the 
European seabass (Dicentrarchus labrax) since this species is much 
more common in southern Europe and was a further central species 
for the feed experiments in GAIN (Hoerterer et al., 2022a; Muñoz-
Lechuga et al., 2018; Petereit et al., 2022 in  manus.). To clarify the 
specific national context of consumers, the poster surveys were 
conducted in different countries employing predetermined questions 
(PDQ's) as well as one open-ended question (OEQ). The data were 
collected at eight different knowledge transfer events that were In 
total, more than 400 participants took part in the two-page poster 
survey. The participants consisted of scientists with or without an 
aquaculture background, aquaculture operators, students, and 
laypeople across different age groups and with varying levels of 
scientific knowledge about seafood products. For the latter, detailed 
online surveys were conducted, and findings were collated and 
analysed in Hoerterer et al. (2022b). Of these, 383 filled in the more 
detailed questions on seafood purchasing criteria, next to the 
questions on species preferences. From these 383 participants we 
randomly picked some and conducted short semi-structured 
interview to validate their choices stated in the poster survey (See 
2.2). In order to provide a “low-barrier- to-entry” situation, all posters 
were placed in a public spot where people were  able to pass by 
frequently in  a relatively informal manner. This methodological 
approach has already been tested in various studies and found to be 
useful in practice (Dale and Kline, 2017; Mabrouk et al., 2018; 
Michalsky et al., 2018). The results were validated with findings from 
secondary data sources (Eurobarometer, 2018; FAO, 2020). All 
responses were self-administered by the participants (i.e., 
participants completed the survey themselves without interference 
from the researchers). The subsequent semi-structured interviews 
took place after the participant finished his/her preference indication 
on the poster survey. Therefore, the resulting dataset contained fully 
anonymous and non-identifiable records. 
 
Semi-structured interviews 
To validate the poster survey results and obtain more in-depth 
knowledge, around 40 semi-structured interviews were conducted 
alongside the poster at the various knowledge transfer events. Semi- 
structured interviews are a commonly used method to achieve a 
deeper understanding of human experiences (Bearman, 2019; Dale 
and Kline, 2017). These semi-structured interviews helped interpret 
the selections made on the poster, clarified the results, and, by 
definition, took place in an informal tone and were used to gain more 
insight into the participant's disclosures (Longhurst, 2004). 
Recording of the interviews was not conducted as the central 
purpose of these was to gain more insight into the purchase decision 
on an individual level and to keep the validation process as 
unintrusive as possible. In these interviews, participants were asked 
to justify and explain their decisions in more detail. These were 
conducted randomly with participants at scientific conferences and 
similar knowledge transfer events, at which they indicated their 
consumer preferences via the poster survey. Despite the limitations 
in regard to representativeness, these provide good insight into the 
decision-making process of the individual consumer and the role 
scientific knowledge plays therein. 

Location, estimated total number of participants at the different knowledge transfer events (KTE), no. of participants that engaged with the poster, categorization of 
participants and respective level of scientific knowledge of the eight KTE. 
Country Total participants Poster participants Category Level of scientific knowledge 

Germany 250 113 Young marine scientists Low 

Belgium Unknown 15 Administrative staff of the EU Low 

Germany 50 26 Marine scientists and technicians Medium 

Spain 150 63 Marine scientists and administrative staff Medium 

Germany 50 35 Seafood specialists High 

Germany 50 27 Fisheries scientists High 

Germany 2700 52 Aquaculture scientists High 

Poland 250 52 Carp aquaculture specialists High 

Table 1 conducted under the umbrella of GAIN outreach activities. These took place between October 2019 and February 2020 in Germany (n 5), 
Belgium (n 1), Spain (n 1) and Poland (n 1) (Table 1). 
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Description of scientific knowledge transfer events, Ta 
their focus, and participants' characteristics Sp 
 

We conducted the interactive poster surveys and semi- structured  
interviews  at  eight   different   scientific knowledge transfer 
events (KTE), addressing respective target groups and various 
degrees of participation rates (Table 1). In order to categorize 
collected data by the level of scientific knowledge, we classified 
the participants of the respective KTE into low, medium, and high 
knowledge groups after the semi- structured interviews during the 
survey. This was done out of the recognition that the different 
KTEs were targeting different audiences with varying degrees of 
scientific knowledge on aquaculture.   

These  different  levels  of  scientific  knowledge   surfaced 
during the poster survey and subsequent semi-structured 
interviews that allowed categorization of their knowledge base. 
For instance, the group of “low” scientific knowledge consists 
mainly of younger participants (e.g., mostly Generation Z and a 
few Generation Y's) with only a very marginal background in the 
topic of aquaculture research. This group mainly got their 
aquaculture knowledge from the media and displayed in 
general very negative and fixed mindsets. The second “low 
scientific knowledge” category consisted of educated laypeople 
that were located inland in a major city that showed an overall 
low knowledge about different practices and sustainability of 
aquaculture. In contrast, the “medium” knowledge groups 
consist of people who stated to have some degree of exposure 
and knowledge of aquaculture. This category consists mainly of 
scientists that are not directly involved in aquaculture research 
but in other marine biology studies (such as sea shelf ecology, 
fisheries, or general biology studies). The last category with 
“high” scientific knowledge were experts with a strong degree of 
scientific knowledge in aquaculture production or related fields 
and/or were professionally involved in the seafood production 
sector. The latter category was the easiest to categorize 
because the KTE were very specific aquaculture conferences, 
in which only people within the aquaculture research field were 
present. The semi-structured interviews revealed here that all 
participants had an excellent background in scientific 
knowledge of aquaculture and were e.g. aware of different 
rearing systems, sustainability issues, and other factors 
influencing the industry. For most KTE, we were able to 
estimate the number of participants at the conference by either 
asking the organizer or our own rough estimations. 
 
Results and discussion 
 
Analysing the consumer decision-making process is rather 
complex as many different contextual drivers act on the 
individual seafood preference that varies over time. 
However, in order to shed some light on the impact of 
scientific knowledge in relation to purchasing behaviours 
whilst acknowledging country-specific differences, we first 
present and discuss the findings on a country level (research 
question 1), followed by an assessment of the influence of 
respective scientific knowledge levels (research question 2), 
and closing with an individual-level analysis (research 
question 3). Rooted in the findings of this multi-level and 
multi-dimensional analysis, recommendations for future 
research needs and the prospects of seafood preferences 
are outlined. 
 
Country-specific differences 
To gain insights on the question of whether there are potential 
country-specific preferences in seafood consumption, the poster 
surveys were conducted at different knowledge transfer events 
(KTE) per country (Research question 1). These ranged from 
Spain as a country with one of the highest per capita 
consumptions with over 45 Kg live weight/ capita/ year, to 
Belgium, Germany, and Poland as European countries with 
decreasingly lower per capita consumption rates (13,5–15 
Kg/capita/year) (EUMOFA, 2019b). Participants from six out 

* International includes the participants from knowledge transfer event 
2 (n = 15) and from 7 (n = 52). 
 
of eight KTE were explicitly conducted in the specific countries 
mentioned above. The other two KTE were conferences that had 
mixed international participation and thus were not assigned to a 
single country (KTEs 2 and 7). In the following subsections, the 
results of the various country-specific aspects of seafood 
consumption preferences are examined in greater detail. The pre- 
tests showed that especially the species and food processing could be 
well mapped between the countries. Therefore, we focus particularly 
on these aspects, as both species preference and processing were 
cited as the most important determinants of the purchase decision in 
the literature and were reinforced in our semi-structured interviews 
(Cantillo et al., 2021; Krě sí c et al., 2020; Pulcini et al., 2020. 
 
Finfish species preference per country 
All participants (n 383) from the various KTE had a clear preference 
for salmon (31%), closely followed by sea bream (19%) (Table 2). 
This is consistent with the results of the Eurobarometer survey, which 
found that 35% of consumers prefer salmon over other species 
(EUMOFA, 2019a). One-fifth of participants indicated that they prefer 
other species than the three main given species and therefore provide 
information about differences across nationalities (Table 2). In the 
subsequent semi-structured interviews, the latter participants stated 
that they do not eat seafood due to vegetarian or vegan dietary 
preferences. On average, 33% stated never to buy fresh seafood 
products in our study. These findings are consistent with recent studies 
that indicate that veganism and vegetarian lifestyles have been growing 
in recent years (Saari et al., 2021). This vegan/vegetarian movement is 
often a very individual decision and, more often than not, strongly linked to 
peer group pressure. However, the understanding of why specific food 
lifestyles are chosen is not yet well understood. For instance, vegan and 
vegetarian lifestyles are also known to reduce the incidence of heart 
disease and diabetes, leading to better health outcomes (Menozzi et 
al., 2020;Pieniak et al., 2010). In addition to personal preferences, 
animal welfare and sustainability play a crucial role for the decision to 
go vegan /vegetarian. Many consumers are, due to various reasons, 
subject to the prejudice that seafood, in general has a negative impact on 
the ecosystem, as well as on labour conditions (Govaerts, 2021). 
These prejudices can be linked to the reinforcement of false media 
image, that more often than not, remain in the prevailing negative 
narrative of harmful aquaculture systems, thus ignoring contemporary 
efforts and achievements made towards sustainable aquaculture 
production systems. In conclusion, why the vegan lifestyle is increasing 
and what repercussions this has on the consumption of aquaculture 
products (e.g. seaweed) is a very challenging issue and needs 
further investigation. 
In comparing the different nationalities, only 8% of German                 
participants stated eating species other than the three listed on the 
poster survey. That said, up to 68% of all species consumed by 
German participants can be split between salmon (37%), sea bream 
(20%) and trout (14%) (Table 2). 
However, interestingly roughly 19% of German participants reported 
never eating seafood, which is in stark contrast to Spain, where none 
indicated such a (non-)preference. This reinforces previous studies, 
showing that German consumers are known to be attracted to the 
fish they are most familiar with (Koch et al., 2019).
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Overall Participation Germany    Spain Poland International* Total  

 181 117 54 83 435  

Salmon 37% 17% 28% 42% 31%  

Sea Bream 20% 12% 2% 37% 19%  

Trout 14% 1% 26% 17% 13%  

Seabass 1% 20% 4% 0% 6%  

Other 8% 50% 30% 0% 21%  

No seafood consumption 18% 0% 12% 3% 10%  
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In addition, with the exception of salmon, herring and to some 
extent, seabream, there is very limited advertising in Germany 
to guide consumers to alternative seafood species. In contrast, 
Spain has the most diverse species consumption composition, 
with about 50% indicating to consume none of the three most 
frequently mentioned seafood species in Europe as a whole, 
but rather consume a diverse set of other marine species. 
Contrasting this diverse seafood preference picture in Spain, 
30% of seafood consumed in Poland is not covered by the top 
three preferred marine species in Europe but refers to other, 
mainly fresh water species, such as perch (31%) and carp 
(38%). Country-specific differences between the selected EU 
countries can be further identified by focusing on the 
distribution of “other” seafood consumed. Participants were 
asked to indicate seafood species other than the species listed 
on the poster. For example, in the semi-structured interviews, 
Spanish participants indicated that they strongly preferred local 
(marine) species as long as they were caught nearby and thus 
indicated a strong recognition and motivation to support local 
fisheries and working communities. 
 
Processing preferences per country 
There are considerable differences between the respective EU 
countries in terms of the degree of consumer preference for 
processed seafood. Overall, most respondents (65%) indicated 
to prefer fresh seafood over frozen (17%) and processed 
products (6%) (Table 3). Our survey results mirror the findings 
of the Eurobarometer survey (2018) that found similar trends 
across the EU, where fresh products (37%) are preferred over 
frozen products (25%). However, the most distinct distribution 
in preference for processed seafood was found in Poland. 
Here, 56% of respondents prefer fresh fish over frozen (21%) 
and processed products (12%), and 12% said they never eat 
seafood (Table 3). Regarding the consumption of frozen 
products, all survey participants from Germany, Poland and 
Spain indicated that they buy such products at least 
occasionally. However, 76% of all Spanish responders stated 
to prefer fresh fish over frozen (22%) or processed (2%) fish, 
and none declared not eat seafood at all. This finding is also 
reflected in the 2018 Eurobarometer data, which shows that 
consumers from Spain, followed by Greece, are most likely to 
buy fresh seafood products (EUMOFA, 2018). 
These country-specific differences mirror the respective social- 
cultural settings in which seafood consumption has been 
traditionally placed. For example, Spain has a long fishing 
tradition, which explains the prevalence and acceptance of a 
wide variety of fish species and the high percentage of 
consumers who prefer fresh fish. Indeed, traditionally Spanish 
consumers go to the market and buy fish offered by local 
fishermen instead of choosing the cheapest processed fish 
product in the supermarket (Jacobs et al., 2015). 
Our surveys reinforce this, whereas 80% of international and 
Spanish participants indicated that they prefer fresh fish over 
frozen or processed products. However, these results must be 
taken with some level of caution due to the low overall number 
of participation and the fact that all Spanish participants 

 
were “economically highly affluent”. Thus, this observed trend in our 
surveys may not reflect the entire country of Spain. However, it 
nonetheless can still be reconciled with the results of the semi-
structured interviews, where respondents indicated that they strongly 
support their local fisheries by purchasing seafood products directly 
from the (local) market. 
 
Differences in the level of scientific knowledge 
In the following, we will explore the question of how the degree of 
available scientific knowledge about seafood products influences 
consumers purchasing behaviour (Research question 2). 
Generally, it is assumed that a rise in scientific knowledge about 
a given product leads to more sustainable purchasing decisions 
due to the increasing awareness of the problem (Almeida et al., 
2015). However, this assumption is difficult to validate due to 
biased perceptions of the consumers surveyed and categorization 
of the scientific knowledge itself. Indeed, personal perspective 
surveys always inherit a factor for error, especially on contested 
and highly normative topics such as individual food preferences. 
 
Finfish species preference in relation to the degree of scientific 
knowledge 
Drawing on the knowledge transfer events and especially focusing on 
KTE 1, a conference for young marine scientists with relatively little 
prior scientific knowledge about seafood production, it is noteworthy 
that more than one-third emphasized in the semi-structured 
interviews not eating any seafood or fish at all (37%). Moreover, this 
was reinforced by the poster survey during this KTE that the 
participants largely did not indicate any seafood species other than 
the three suggested on the poster. Those who did indicate consuming 
seafood stated to prefer salmon (30%), followed by sea bream (18%) 
and trout (15%). In contrast, the results for the KTE 7, where all 
survey respondents inherited a high level of scientific knowledge 
about aquaculture and its products, show only a marginal 5% 
proportion of non-seafood consumers. Almost half of all participants of 
the latter KTE stated salmon as their favourite fish species (47%). Sea 
bream came in second at 32%, followed by trout at 16%. 
Most of the participants at the KTE 1 indicated in both survey formats 
(poster survey as well as subsequent semi-structured interviews) to 
be highly concerned about healthy lifestyles and the importance of 
healthy foods in general, which resulted in their decision towards a 
vegan lifestyle. Indeed, healthy foods are becoming more and more 
trending, especially in the western world, where healthy diets receive 
increasing attention among groups with a higher degree of scientific 
knowledge (Saari et al., 2021; Tomí c et al., 2017). Long-chain 
polyunsaturated fatty acids, like Omega-3, are highly present in fish 
and are very beneficial for human health. Hence, these are advocated 
by governments worldwide (Tomí c et al., 2017; Turchini et al., 2011; 
Verbeke et al., 2007). Despite these widely known facts, most of the 
young marine scientists participating at the KTE 1 indicated they do 
not eat seafood despite knowing about its health benefits. These 
results support the hypothesis that scientific knowledge about 
seafood products is not necessarily per se a driver of purchases. 
Rather, purchasing seems to be related to situative individual 
decisions driven by cultural practices, peer-group pressure, and 
world views. 

 
Table 3 
Processing preferences divided for the different countries. 

Overall Participation Germany  Spain  Poland  International*  Total  
 201 63 52 65 381 

Fresh 58% 76% 56% 80% 65% 

 
Frozen 

 
18% 

 
22% 

 
21% 

 
8% 

 
17% 

 
Processed 

 
5% 

 
2% 

 
12% 

 
9% 

 
6% 

 
No seafood consumption 

 
18% 

 
0% 

 
12% 

 
3% 

 
12% 

* International includes the participants from knowledge transfer event 2 ( n = 15) and from 7 (n = 52). 
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The role of certification in relation to the degree of 
scientific knowledge 
In most cases, participants' response to whether certification is 
a purchase criterion was above 50% at all KTE. This indicates 
that certification as a purchase criterion is important, but not as 
strongly decisive as commonly believed (Asche and 
Bronnmann, 2017). However, our results show that at all events 
where participants inherited a high scientific knowledge, an 
average of 64% indicated that certification is essential for 
making a purchasing decision. In contrast, 53% of those with 
low scientific knowledge and 60% of those with medium 
scientific knowledge stated that certification is an important 
aspect of their decision-making. These results show some 
degree of correlation between the degree of available scientific 
knowledge and the importance of product certification as a 
purchase criterion. However, our questionnaire did not consider 
the differentiation between aquaculture products or wild-capture 
fish. In our pre-test survey we encountered that many 
consumers appeared to ignore the type of product (wild-capture 
or aquaculture), but solely placed their decision making upon 
the certificates, as they assumed that this indicated a higher 
degree of sustainability. This links Alfnes et al. (2018) findings 
that consumers demand traceability. Overall, these results 
emphasize the connection between higher scientific knowledge 
and an increase in awareness of the product's sustainability. 
This can be understood as a central incentive to obtain 
certification from a producer's point of view and shows the trend 
of rethinking consumer purchase choices. Indeed, the semi-
structured interviews reinforced that most participants were well 
aware of the MSC logo, while only a few stated to ever have 
paid attention to its aquaculture counterpart, the ASC logo. 
 
Other purchasing criteria 
The remaining criteria listed in our surveys did not show any dif- 
ference in terms of country-specific or scientific knowledge 
specific purchasing criteria. For instance, no differences were 
found between knowledge events regarding animal welfare 
purchasing criteria (89% overall) and health benefits (64% 
overall). It is noteworthy that animal welfare was considered 
very important in all events and across all knowledge levels, 
nationalities and age groups. Next, all survey results exposed 
the decisive role of price and origin as purchase preferences. 
These cannot be related to having distinct country-specific or 
scientific knowledge availability dimension. Therefore, the 
following central findings for both criteria are collated. 
 
 
Price preferences 
The price of fish as a purchase criterion is closely linked to the 
socio-economic positioning of the respective consumer. This 
affects how much attention is paid to the price of a seafood 
product. As our surveys exposed, the majority (73%) stated that 
the price range influenced their purchasing behaviour, and only 
29% said they were not concerned about price. The latter is 
reinforced by earlier findings that show consumers mainly eat 
fish for its health, nutritional properties, and taste but care less 
for its origin and more for the price in general (Brunsø et al., 
2009; Vanhonacker et al., 2013). 
Our surveys revealed that both younger people and noteworthy 
especially Spanish participants, seem to pay more attention to 
the price of seafood while the degree of scientific knowledge 
appears not to affect the overall purchasing decision. In the 
case of the Spanish consumers, this can be explained by the 
long fishing tradition in the country, and as Fernández-Polanco 
and  Luna  (2012)  showed,  hence  price  is the only favourable 
factor towards purchasing aquaculture products over wild 

 
capture-fisheries products. Thus, price perception as purchasing 
decision factor emerges as the main incentive in regard to fish 
consumption between countries and user groups with different 
consumption profiles (Ingram, 2017; SAPEA, 2017). Especially when 
money is involved, it is a widespread phenomenon across all 
participants to favour the price above all other criteria. This points to 
the central problem of willingness-to-pay studies in seafood 
consumption studies (Chang and Nguyen, 2018; Grunert et al., 2009; 
Zander and Feucht, 2018). More often than not, studies revealed that 
individuals state that they ignore the price of a high-quality product 
(see e.g., van Osch et al., 2017; Xuan and Sandorf, 2020; Yip et al., 
2017). However, these statements do not match actual shopping 
figures from supermarkets (in Germany and elsewhere), which show 
that consumers, to a considerable extent, tend to buy the cheapest 
product on the shelf without considering its origin or quality (Euro- 
barometer, 2018; NSC, 2019). In conclusion, in our survey we could 
neither see country nor scientific knowledge related differences 
concerning the price as purchasing criterion for seafood products. 
 
 
Origin preferences 
More than 70% of all respondents to our surveys have begun to 
consider the origin of the fish. In the semi-structured interviews, 
particularly with participants with a higher level of scientific knowledge, 
it was stated that these were more selective with respect to the origin 
of the seafood product purchased. The interviews further revealed 
that these consumer groups tend to pay more attention to the 
regionality of the product, which plays an essential role in the concern 
of supporting sustainability. This mirrors the findings by Guillen et al. 
(2019), who demonstrated that competing for resources is a rising 
issue in finfish production for consumption, and more consumers are 
willing to emphasize their awareness of sustainability by focusing on 
the origin of the product. Aquaculture is known to provide a more 
efficient production system than wild-capture finfish, as well as to be 
far more sustainable, primarily when a circular economy approach is 
applied (Regueiro et al., 2021). Our study showed that it can be 
assumed that more focus on the regionality dimension of aquaculture 
could improve the demand for aquaculture products, especially if 
these are produced as part of a circular economy set up. However, 
consumer concerns and assumptions about regionality and 
sustainability need to be considered in the promotion and/or 
production of cultivated fish. 
 
Rethinking the pathways to sustainable seafood consumption in 
Europe 
Today's societies have evolved into multi-layered, highly fragmented 
and diverse entities with a wide range of interests, views, knowledge 
structures, perspectives, norms and values (Jacobs et al., 2015). 
These are also mirrored in the decision-making process of seafood 
purchasing. This makes addressing our last research question 
challenging, that is how we can shift consumers behaviour towards a 
more sustainable purchasing behaviour. To this end, the social 
dimensions of consumer acceptance and their related individual 
purchasing decisions must be tackled. 
Our study reinforces findings from previous research (such as Asche 
and   Bronnmann, 2017;  Fernández-Polanco   and   Luna, 2012; Karnad 
et al., 2021), which showed that the degree of scientific knowledge 
about seafood products does not automatically influence purchasing 
behaviour. For instance, Fernández-Polanco and Luna (2012)   
identified   the   socio- demographic background, product promotion, 
and price as the three most crucial seafood purchase criteria. Our 
results are consistent with their findings in that regard that price 
appears to be the most important purchase criterion across all 
countries investigated. If we conclude that increased knowledge does 
not necessarily lead to more aquaculture products being purchased,
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the question remains as to what would support a change 
towards more sustainability-oriented purchasing behaviour. The 
results of the semi-structured interviews conducted in this study 
revealed that individuals with a high level of scientific 
knowledge about seafood products are highly interested in the 
sustainability of the fish they consume. However, this increased 
awareness does not necessarily translate into direct behaviour 
patterns in the supermarket when these individuals purchase 
fish for personal consumption (Lawley et al., 2019). 
Furthermore, the current multitude of different certification 
systems certified product labelling often does not clearly 
identify sustainability aspects hence causing confusion among 
consumers. Indeed, the wide range of certification labels leads 
to misunderstandings, and people eventually resign 
themselves to trying harder to understand the label (Alfnes et 
al., 2018). Interestingly, the results of our semi-structured 
interviews indicated that the more people know about a 
respective certification system, the less they stated to trust it. 
However, people who are less scientifically knowledgeable 
about seafood production stated to trust some labels and 
indicated to become more confused when shopping at the 
supermarket. One participant at the KTE 1 described feeling 
that there is an “ecolabel jungle”, with more and more ecolabels 
popping up almost weekly, promising to be more sustainable 
and environmentally friendly than the others. In this regard our 
semi-structured interviews exposed a major problem in 
purchasing in regard to transparency and traceability of the 
product. These issues tend to be overlooked and overseen by 
the producers of aquaculture products but play an important 
role for the individual purchasing behaviour disregarding the 
country-specific context nor the degree of available scientific 
knowledge. Thus, the hypothesis that more scientific 
knowledge leads to more sophisticated purchasing criteria may 
be appealing from the onset, but limitations emerge when 
applying this hypothesis to real-world contexts. The issues of 
food labelling and confusion in respect to how products are 
certified reduce the actual intended outcome towards more 
sustainability‑lead purchasing behaviour are a case in point 
(Ihemezie et al., 2018). The question of how to overcome this 
problem remains, and more studies are needed that focus on a 
different way of how to nudge and change purchasing 
behaviour towards a more sustainable product choice. These 
must be tailored to country-specific settings and to their 
respecting processing preferences. The results of this study 
hence call into question current strategies for promoting 
sustainable aquaculture products. The more different pro- 
motional options are offered, the more consumers appear to 
become confused and eventually resign from the effort to 
consider sustainability aspects of the product in their 
purchasing decisions (Ihemezie et al., 2018; Maesano et al., 
2019). To overcome this barrier, one option could be to develop 
a coherent national (or even international) strategy for seafood 
marketing and more specifically, for sustainable aquaculture. 
Apparently, as indicated by our results, it is essential to develop 
a non- confusing option that helps consumers understand 
sustainability without further confusion. A potential route is the 
“Nutri Score” developed by the Federal Ministry of Food and 
Agriculture in Germany. On a range between 1 and 5 the score 
indicates the nutritional value for each product (Schlögl, 2020). 
Labelling the product with the score is voluntary, and 
manufacturers can decide whether or not to use it. Despite that 
this may not be the perfect solution and is yet contested, it 
provides consumers more detailed information about the  food  
and  nutritional  values at first glance in a straightforward 
manner. A similar labelling system for seafood products, where 
the sustainability of the product as well as the production 
circumstances are easier to capture could possibly be a more 
effective support towards sustainability-led purchasing 
decisions than 100 different ecolabels. This is mirrored by 
Maesano et al. (2019) who provided evidence in their literature 
review that people generally have a higher willingness-to-pay 
for a product even when they do not fully understand the label 
but assume that it is a sustainably produced product. 
 

 
In addition, the current focus on circular economy approaches is 
another avenue to promote more sustainable and transparent 
products. Under this umbrella, the aquaculture sector can be 
assumed to be more economically competitive, if it allows better 
circular options of pro- duction. In this way, wild fish stocks can be 
conserved while ecosystem services are improved, leading to better 
overall consumer perception (Ruiz-Salmón et al., 2020). 
 
Limitations of the study methodology 
This study was conducted as part of the GAIN project and serves as 
the first entry point to understand the role of scientific knowledge and 
related consumer purchasing behaviour. To that end, it focuses 
exclusively on the level of scientific knowledge on seafood products, 
particularly on sustainable aquaculture products, and how specific 
levels of available scientific knowledge influences consumers 
purchasing decisions. 
However, all social science surveys addressing personal 
perspectives inherit a factor of error, especially when enquiring into 
rather normative reasoning of individual understanding of 
sustainability that can be mostly captured only in a qualitative 
manner. The distorted perception of sustainability on the individual 
level as well as the rather coarse categorization of the scientific 
knowledge levels per individual participant leads to limitations in the 
scientific rigor of the findings, next to the fact that many participants 
are not fully honest in their statements made (Bursztyn et al., 2019; 
Solgaard and Yang, 2011; Zander and Feucht, 2018). 
That said, our experience showed that the information captured on 
the poster survey did not always reflect the perspectives voiced in the 
subsequent semi-structured interviews. In this regard, the effect of 
peer pressure (Shu, 2018; Vinayak and Arora, 2018) is particularly 
note- worthy and surfaced strongly the more people gathered together 
in small groups to view and complete the poster survey at the same 
time. A good example of the emergence of this type of peer pressure 
was in closed events, such as KTE 3, where participants knew each 
other well and were asked their opinion on the role of price in their 
purchasing decision. On these occasions, roughly 81% stated to 
ignore price and focus on other (mainly sustainability-led) buying 
criteria. This can be explained by the influence of peer group 
pressure, as Vinayak and Arora (2018) have shown. It can be 
expected that participants at these particular KTEs do pay attention to 
price but were embarrassed to indicate it openly among their peers. 
For instance, the participants at KTE 3 all had intermediate scientific 
knowledge about seafood and were well aware of the adverse effects 
of looking only at the price as purchasing decision. 
Another limitation is that consumers often misjudge how much they 
know and do not know about a given subject (Krě sí c et al., 2020). In 
our semi-structured interviews, participants often initially claimed to 
know about the sustainability of seafood products, especially on 
aquaculture products. However, in the course of the interviews, more 
often than not the claimed knowledge surfaced to be erroneous when 
inquiring in more detail about specific sustainability attributes. This 
overestimation of own (scientific) knowledge often leads to 
contestation of new knowledge rooted in scientific evidence. Many of 
the participants interviewed were reluctant to learn about new 
evidence about sustainable aquaculture, thus showing signs of being 
conditioned to be highly sceptical of the information they receive 
resulting in preferring to remain in well-trained purchasing patterns. 
This somewhat is in contrast to the yet prevailing view that finding 
scientific facts informs actions. Investigating this discrepancy and the 
very implications for seafood consumption appears to be a crucial 
under-researched issue. Further studies need to show the extent to 
which this knowledge gap impacts consumption. 
 
Future recommendations 
Looking critically into the future, we see that Generation Z, born in 
the digital age between 1995 and the early 2000s, is to date the 
largest consumer group in the world (Su et al., 2019; Zuo et al., 
2022). This generation places a high emphasis on 
environmentally-friendly foods, sustainability and animal welfare 
(Su et al., 2019; Zuo et al., 2022). Therefore, the generational 
differences in purchasing behaviour need to be considered in future 
campaigns (Kamenidou et al., 2020).
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That being said, do most campaigns in the European union do 
neither focus on generational nor country-specific differences. 
This strategy needs to be challenged if more awareness and 
promotion with regard to the sustainability of purchasing 
decisions of seafood products, specifically aquaculture 
products, is the goal. A first approach could be to show 
(especially for Generations Z and Y) the “new” production 
system, the so-called circular economy approaches. Studies 
have shown that the younger generation is especially interested 
in sustainability (carbon footprint) and upcycling of food to 
avoid food crises and waste (Kymäläinen et al., 2021; Zhang et 
al., 2021). 
Another aspect for future studies is the application of interactive 
posters surveys, which is method still very underutilized in the 
field of aquaculture and consumer perceptions research. This 
study demonstrated an initial approach to incorporating 
interactive poster surveys at conferences to gain valuable 
insights into attendee perspectives. We would recommend 
using these interactive posters in awareness campaigns to 
better understand the rather intangible reasoning of consumers 
and their purchasing  decisions,  vis  á   vis  to  spark  their  
interest  in aquaculture products. A study by Michalsky et al. 
(2018) examined an interactive approach to changing attitudes 
towards people living in poverty. The study used social media 
and interactive installations to “put the user in the shoes of 
someone living in poverty.” The interactive engagement of 
participants generated an emotional response and led to 
greater understanding. It also fostered a relationship between 
people experiencing poverty and the study participants. Using 
this study as a model, we would make a similar 
recommendation for the future. For instance, one approach 
could be to show seafood buyers the different living conditions 
of a fish in the wild and a fish in aquaculture, focussing on the 
health benefits of farmed animals (fewer toxins, fewer sick 
animals), sustainability (no bycatch, usually poor working 
conditions in fisheries), and reuse of resources (circular 
economy). Such an approach may potentially foster a similar 
emotional response from participants, leading to a change in 
purchasing behaviour. 
 
Conclusion 
 
Preferences are highly related to a rather intangible set of 
individual cultural context-dependent drivers that somewhat 
contradict the affirmative role of scientific knowledge in a 
healthy information society. To this end, we are aware that this 
study provides only a first impression on this subject and further 
and more detailed research is needed to prove the here stated 
results. In conclusion, the rapid changes in consumer 
demographic, social, and economic structures and production 
patterns call for new research on translating information and 
awareness into practice. Our study demonstrated that 
consumers' beliefs, norms and values all effect personal 
perceptions and consumption of aquaculture products. These 
often appear to be more important than other categories such 
as animal welfare, price, or origin. Perceptions and purchasing 
habits are dynamic and vary from culture to culture. A lack of 
clear and accessible information can generally be considered 
the main barrier to the social acceptance of aquaculture 
products in Europe. Potential country specific differences in 
species composition preference could be identified. In contrast, 
results on the role of scientific knowledge were rather blurred. 
Some participants in this study exhibited a high level of scientific 
knowledge about aquaculture products while still choosing the 
less sustainable product option due to financial reasons. This 
indicates that price appears to be the most important 
purchasing criteria. Next, we found that younger people with 
less scientific knowledge about seafood were more likely to 
adopt a vegan/vegetarian lifestyle. 
We conclude that food and, more specifically, country- specific 
food culture plays an important societal role. By understanding 
consumer preferences in different EU countries and using 
diverse scientific evidence, opportunities to transform current 
marine food systems in the EU may emerge. 

  
However, more data are needed to provide further information on the 
relationship between scientific knowledge, food culture and 
respective purchasing behaviour. Our findings raise the question 
whether trying to educate people about more sustainable purchasing 
criteria is really the key to more sustainable purchasing or are we, 
based on wrong assumptions, applying wrong approaches to foster 
more sustainability-led purchasing decisions. 
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Annex 1. Purchasing criteria poster. 
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Annex 2. “Which fish do you like best”, species preference poster. 



Chapter III 

41 

 

 

 
 

References 
 
Alexander, K. A., S. Freeman and T. Potts (2016). "Navigating 
uncertain waters: European public perceptions of integrated multi 
trophic aquaculture (IMTA)." Environmental Science & Policy 61: 
230-237. 
Alfnes, F., Chen, X., & Rickertsen, K. (2018). Labeling farmed 
seafood: A review. Aquaculture Economics & Management, 22(1), 
1-26. 
Almeida, C., T. Altintzoglou, H. Cabral and S. Vaz (2015). "Does 
seafood knowledge relate to more sustainable consumption?" 
British Food Journal 117(2): 894-914. 
Altintzoglou, T., P. Honkanen and R. D. Whitaker (2020). "Influence 
of the involvement in food waste reduction on attitudes towards 
sustainable products containing seafood by-products." Journal of 
Cleaner Production. 
Altintzoglou, T., Sone, I., Voldnes, G., Nøstvold, B., & Sogn- 
Grundvåg, G. (2018). "Hybrid surveys; a method for the effective 
use of open-ended questions in quantitative surveys." Journal of 
International Food & Agribusiness Marketing 30(1): 49-60. 
Asche, F., & Bronnmann, J. (2017). Price premiums for ecolabelled 
seafood: MSC certification in Germany. Australian Journal of 
Agricultural and Resource Economics, 61(4), 576-589. 
Aubin, J., Callier, M., Rey‑Valette, H., Mathe, S., Wilfart, A., 
Legendre, M., ... & Fontaine, P. (2019). Implementing ecological 
intensification in fish farming: definition and principles from 
contrasting experiences. Reviews in Aquaculture, 11(1), 149-167. 
Banovic, M., M. J. Reinders, A. Claret, L. Guerrero and A. Krystallis 
(2019). "“One Fish, Two Fish, Red Fish, Blue Fish”: How ethical 
beliefs influence consumer perceptions of “blue” aquaculture 
products?" Food Quality and Preference 77: 147-158. 
Bearman, M. (2019). Eliciting rich data: A practical approach to 
writing semi-structured interview schedules. Focus on Health 
Professional Education: A Multi-disciplinary Journal, 20(3), 1-11. 
Bircha D., M. L. (2012). "Buying seafood: Understandingbarriers to 
purchase across consumption segments." Food quality and 
preference 26.1: 12-21. 
Boase N., White M.P., Gaze W.H. & Redshaw C., Why don't the 
British eat locally harvested shellfish? The role of misconceptions 
and knowledge gaps, Appetite (2019), doi: 
https://doi.org/10.1016/j.appet.2019.104352. 
Brooks, B. W. and J. L. Conkle (2019). "Commentary: Perspectives 
on aquaculture, urbanization and water quality." Comp Biochem 
Physiol C Toxicol Pharmacol 217: 1- 4. 
Brunsø, K., W. Verbeke, S. Ottar Olsen and L. Fruensgaard 
Jeppesen (2009). "Motives, barriers and quality evaluation in fish 
consumption situations." British Food Journal 111(7): 699-716. 
Bursztyn, L., Egorov, G., & Jensen, R. (2019). Cool to be smart or 
smart to be cool? Understanding peer pressure in education. The 
Review of Economic Studies, 86(4), 1487- 1526. 
Cantillo, J., Martín, J. C., & Román, C. (2021). Assessing the label’s 
mandatory information for fishery and aquaculture products in the 
EU28. A consumer approach based on a consistent fuzzy 
preference relation with geometric Bonferroni mean. Marine Policy, 
128, 104515. 
Chang, S. C., & Nguyen, T. A. (2018). Peer pressure and its 
influence on consumers in Taiwan. African Journal of Business 
Management, 12(8), 221-230. 
Claret, A., Guerrero, L., Gartzia, I., Garcia-Quiroga, M., & Ginés, 
R. (2016). Does information affect consumer liking of farmed and 
wild fish?. Aquaculture, 454, 157-162. 
Dale, V. H., & Kline, K. L. (2017). Interactive posters: A valuable 
means of enhancing communication and learning about productive 
paths toward sustainable bioenergy. Biofuels, Bioproducts and 
Biorefining, 11(2), 243-246. 
Danermark, B., M. Ekström and J. C. Karlsson (2019). Explaining 
society: Critical realism in the social sciences, Routledge. 
Diebold, P., Galster, M., Rainer, A., & Licorish, S. A. (2017, June). 
Interactive Posters: An Alternative to Collect Practitioners' 
Experience. In Proceedings of the 21st International Conference 
on Evaluation and Assessment in Software Engineering (pp. 230-
235).  
Duarte, C. M., N. Marba and M. Holmer (2007). "Ecology. Rapid 
domestication of marine species." Science 316(5823): 382-383. 
 

Esterberg, K. G. (2002). Qualitative methods in social 
research. 
EUMOFA (2018). The EU fish market 2018. D.-G. f. M. A. a. 
F. European Commission, Director-General. 
EUMOFA (2019). The EU fish market 2019. D.-G. f. M. A. a. 
Fisheries. Luxembourg, Publications Office of the European 
Union. 
EUMOFA (2019). THE EU fish market - 2019 edition. 
Luxembourg, European Union. 
Eurobarometer (2018). EU consumer habits regarding 
fishery and aquaculture products. Brussels, European 
Commission, Directorate-General for Maritime Affairs and 
Fisheries. 
Fabinyi, M., Wolfram H. Dressler, and Michael D. Pido 
(2017). "Fish, trade and food security: moving 
beyond‘availability’ discoursein marine conservation." 
Human Ecology 45.2: 177-188. 
FAO (2018). The state of food security and nutrition in the 
world. F. a. A. O. o. t. U. Nations. Rome, FAO Agricultural 
Development Economics Division. 
FAO (2020). The State of World Fisheries and Aquaculture 
2020. F. a. A. O. o. t. U. Nations. Rome, FAO Agricultural 
Development Economics Division. 
Fernández-Polanco, J. and L. Luna (2012). "Factors 
Affecting Consumers’ Beliefs About Aquaculture." 
Aquaculture Economics & Management 16(1): 22-39. 
Føre, M., Frank, K., Norton, T., Svendsen, E., Alfredsen, J. 
A., Dempster, T., ... & Berckmans, D. (2018). Precision fish 
farming: A new framework to improve production in 
aquaculture. biosystems engineering, 173, 176-193. 
Gaviglio A. , D. E. (2009). "Consumer attitudes towards farm- 
raised and wild-caught fish: variables of product perception." 
NEWMEDIT No 3. 
Gerten, D., V. Heck, J. Jägermeyr, B. L. Bodirsky, I. Fetzer, 
M. Jalava, M. Kummu, W. Lucht, J. Rockström, S. Schaphoff 
and H. J. Schellnhuber (2020). "Feeding ten billion people is 
possible within four terrestrial planetary boundaries." Nature 
Sustainability 3(3): 200-208. 
Govaerts, F. (2021). Media representation of salmon 
aquaculture in France. Aquaculture, 540, 736679. 
Grunert, K. G., H. J. Juhl, L. Esbjerg, B. B. Jensen, T. Bech- 
Larsen, K. Brunsø and C. Ø. Madsen (2009). "Comparing 
methods for measuring consumer willingness to pay for a 
basic and an improved ready made soup product." Food 
Quality and Preference 20(8): 607-619. 
Guillen, J., Natale, F., Carvalho, N., Casey, J., Hofherr, J., 
Druon, J. N., ... & Martinsohn, J. T. (2019). Global seafood 
consumption footprint. Ambio, 48(2), 111-122. 
Guillen, J., Holmes, S. J., Carvalho, N., Casey, J., Dörner, 
H., Gibin, M., ... & Zanzi, A. (2018). "A Review of the 
European Union Landing Obligation Focusing on Its 
Implications for Fisheries and the Environment." 
Sustainability 10(4). 
Hackenesch, C., Kloke-Lesch, A., Koch, S., Niestroy, I., & 
Scholz, I. (2016). Towards a “Sustainable Development 
Union”: why the EU must do more to implement the 2030 
Agenda (No. 6/2016). Briefing Paper. 
Hilton, C. E. (2015). "The importance of pretesting 
questionnaires: a field research example of cognitive 
pretesting the Exercise referral Quality of Life Scale (ER- 
QLS)." International Journal of Social Research Methodology 
20(1): 21-34. 
HLPE (2014). Sustainable fisheries and aquaculture for food 
security and nutrition. T. H. L. P. o. E. o. F. S. a. Nutrition. 
Rome. 
Hoerterer, C., Petereit, J., Lannig, G., Johansen, J., Pereira, 
G. V., Conceição, L. E., ... & Buck, B. H. (2022). Sustainable 
fish feeds: potential of emerging protein sources in diets for 
juvenile turbot (Scophthalmus maximus) in RAS. 
Aquaculture International, 1-24. a 



42 

 

 

Chapter III 
 
Hoerterer, C., Petereit, J., & Krause G. (2022). Informed choice: 
The role of knowledge in the willingness to consume aquaculture 
products of different groups in Germany, Aquaculture, 
https://doi.org/10.1016/j.aquaculture.2022.738319 b 
Hoque, M. Z., & Alam, M. N. (2020). Consumers' knowledge 
discrepancy and confusion in intent to purchase farmed fish. British 
Food Journal. 
Hughes, A. D. and K. D. Black (2016). "Going beyond the search 
for solutions: understanding trade-offs in European integrated 
multi-trophic aquaculture development." Aquaculture Environment 
Interactions 8: 191-199. 
Ihemezie, E. J., Ukwuaba, I. C., & Nnaji, A. P. (2018). Impact of” 
green” product label standards on consumer behaviour: A 
systematic review analysis. International Journal of Academic 
Research in Business and Social Sciences, 8(9), 666-684. 
Ikart, E. M. (2019). "Survey Questionnaire Survey Pretesting 
Method: An Evaluation of Survey Questionnaire via Expert 
Reviews Technique." Asian Journal of Social Science Studies 4(2). 
Ingram, J. (2017). "Perspective: look beyond production." Nature 
544(7651): S17-S17. 
Jacobs S, Sioen I, Pieniak Z, De Henauw S, Maulvault AL, Reuver 
M, Fait G, Cano-Sancho G, Verbeke W. Consumers' health risk-
benefit perception of seafood and attitude toward the marine 
environment: Insights from five European countries. Environ Res. 
2015 Nov;143(Pt B):11-9. doi: 10.1016/j.envres.2015.02.029. 
Epub 2015 Apr 10. PMID: 25864933. 
Jennings, S., G. D. Stentiford, A. M. Leocadio, K. R. Jeffery, J. D. 
Metcalfe, I. Katsiadaki, N. A. Auchterlonie, S. C. Mangi, J. K. 
Pinnegar, T. Ellis, E. J. Peeler, T. Luisetti, C. Baker‑ Austin, M. 
Brown, T. L. Catchpole, F. J. Clyne, S. R. Dye, N. J. Edmonds, K. 
Hyder, J. Lee, D. N. Lees, O. C. Morgan, C. M. O'Brien, B. 
Oidtmann, P. E. Posen, A. R. Santos, N. G. H. Taylor, A. D. Turner, 
B. L. Townhill and D. W. Verner‑Jeffreys (2016). "Aquatic food 
security: insights into challenges and solutions from an analysis of 
interactions between fisheries, aquaculture, food safety, human 
health, fish and human welfare, economy and environment." Fish 
and Fisheries 17(4): 893-938. 
Kamenidou, I. E., Stavrianea, A., & Bara, E. Z. (2020). 
Generational differences toward organic food behavior: Insights 
from five generational cohorts. Sustainability, 12(6), 2299. 
Karnad, D., Gangadharan, D., & Krishna, Y. C. (2021). Rethinking 
sustainability: From seafood consumption to seafood commons. 
Geoforum, 126, 26-36. 
Kelle, Udo. "Mixed methods." Handbuch Methoden der 
empirischen Sozialforschung. Springer VS, Wiesbaden, 2014. 153-
166. 
Koch, F., T. Heuer, C. Krems and E. Claupein (2019). "Meat 
consumers and non-meat consumers in Germany: a 
characterisation based on results of the German National Nutrition 
Survey II." J Nutr Sci 8: e21. 
Kymäläinen, T., Seisto, A., & Malila, R. (2021). Generation Z food 
waste, diet and consumption habits: A Finnish social design study 
with future consumers. Sustainability, 13(4), 2124. 
Lawley, M., Craig, J. F., Dean, D., & Birch, D. (2019). The role of 
seafood sustainability knowledge in seafood purchase decisions. 
British Food Journal. 
KREŠIĆ, G., DUJMIĆ, E., LONČARIĆ, D., BUNETA, A., LIOVIĆ, 
N., ZRNČIĆ, S., & PLEADIN, J. (2020). Factors affecting 
consumers´ preferences for products from aquaculture. Croatian 
journal of food science and technology, 12(2), 287-295. 
Levitt, H. M., M. Bamberg, J. W. Creswell, D. M. Frost, R. Josselson 
and C. Suárez-Orozco (2018). "Journal article reporting standards 
for qualitative primary, qualitative meta- analytic, and mixed 
methods research in psychology: The APA publications and 
communications board task force report." American Psychologist 
73(1): 26-46. 
Longhurst, R. (2004). "Semi-structured Interviews and Focus 
Groups." Key Methods in Geography. 
López-Mas, L., A. Claret, M. J. Reinders, M. Banovic, A. Krystallis 
and L. Guerrero (2021). "Farmed or wild fish? Segmenting  
European consumers based on their beliefs." Aquaculture 532. 
 

 
 
 
Mabrouk, P. A., & Schelble, S. M. (2018). Interactive Poster 
Survey Study of ACS Members’ Knowledge and Needs on 
Research Ethics. Journal of Chemical Education, 95(6), 954- 
961. 
Maesano, G., Carra, G., & Vindigni, G. (2019). Sustainable 
dimensions of seafood consumer purchasing behaviour: A 
review. Calitatea, 20(S2), 358-364. 
Maria Magdalena Estevez, R. T.-W., Kristine Akervold, Oddvar 
Tornes (2019). "Co-digestion of waste from the salmon 
aquaculture sector with regional sewage sludge: effects on 
methane yield and digestate nutrient content." Eco-Energetics: 
technologies, environment, law and economy 2. 
Menozzi, D., Nguyen, T. T., Sogari, G., Taskov, D., Lucas, S., 
Castro-Rial, J. L. S., & Mora, C. (2020). Consumers’ 
preferences and willingness to pay for fish products with health 
and environmental labels: Evidence from five European 
countries. Nutrients, 12(9), 2650. 
Michalsky, C., Sykora, S., & Toler, L. (2018, April). One Step: 
Interactive Posters to Raise Awareness of Poverty. In 
Extended Abstracts of the 2018 CHI Conference on Human 
Factors in Computing Systems (pp. 1-6). 
Misund, A., R. Tiller, J. Canning-Clode, M. Freitas, J. O. 
Schmidt and J. Javidpour (2020). "Can we shop ourselves to a 
clean sea? An experimental panel approach to assess the 
persuasiveness of private labels as a private governance 
approach to microplastic pollution." Mar Pollut Bull 153: 
110927. 
Mitterer-Daltoé, M. L., E. Carrillo, M. I. Queiroz, S. Fiszman 
and P. Varela (2013). "Structural equation modelling and word 
association as tools for a better understanding of low fish 
consumption." Food Research International 52(1): 56-63. 
Moschitz, H., Muller, A., Kretzschmar, U., Haller, L., de Porras, 
M., Pfeifer, C., ... & Stolz, H. (2021). How can the EU Farm to 
Fork strategy deliver on its organic promises? Some critical 
reflections. EuroChoices, 20(1), 30-36. 
Muñoz-Lechuga, R., Sanz-Fernández, V., & Cabrera-Castro, 
R. (2018). An overview of freshwater and marine finfish 
aquaculture in Spain: Emphasis on regions. Reviews in 
Fisheries Science & Aquaculture, 26(2), 195-213. 
NSC (2019). The german seafood consumer 2019. Tromsø, 
Norwegian Seafood Council. 
O'Donncha, F. and J. Grant (2019). "Precision Aquaculture." 
IEEE Internet of Things Magazine 2(4): 26-30. 
Osborn, A. and J. Henry (2019). "The role of aquaculture farm 
biosecurity in global food security." Rev Sci Tech 38(2): 571-
587. 
Pieniak, Z., Verbeke, W., & Scholderer, J. (2010). Health‑ 
related beliefs and consumer knowledge as determinants of 
fish consumption. Journal of human nutrition and dietetics, 
23(5), 480-488. 
Pratt, C. C., W. M. McGuigan and A. R. Katzev (2000). 
"Measuring program outcomes: Using retrospective pretest 
methodology." American Journal of Evaluation 21(3): 341- 349. 
Pulcini, D., Franceschini, S., Buttazzoni, L., Giannetti, C., & 
Capoccioni, F. (2020). Consumer preferences for farmed 
seafood: an Italian case study. Journal of Aquatic Food 
Product Technology, 29(5), 445-460. 
Raworth, K. (2017). "Why it’s time for Doughnut Economics." 
IPPR Progressive Review 24(3). 
Regueiro L, Newton R, Soula M, Mendez D, Kok B, Little DC, 
Pastres R, Johansen J & Ferreira M (2021) Opportunities and 
limitations for the introduction of circular economy principles in 
EU aquaculture based on the regulatory framework. Journal of 
Industrial Ecology. 
Rose, J. D. (2002). "The Neurobehavioral Nature of Fishes and 
the Question of Awareness and Pain." Reviews in Fisheries 
Science 10 (1): 1-38. 
Rowe, N., & Ilic, D. (2009). What impact do posters have on 
academic knowledge transfer? A pilot survey on author 
attitudes and experiences. BMC Medical Education, 9(1), 1- 7. 
Ruiz-Salmón, I., Margallo, M., Laso, J., Villanueva-Rey, P., 
Mariño, D., Quinteiro, P., ... & Aldaco, R. (2020). Addressing 
challenges and opportunities of the European seafood sector 



Chapter III 

43 

 

 

 
 

under a circular economy framework. Current Opinion in 
Environmental Science & Health, 13, 101-106. 
Runge, K. K., Shaw, B. R., Witzling, L., Hartleb, C., Yang, S., & 
Peroff, D. M. (2021). Social license and consumer perceptions 
of farm-raised fish. Aquaculture, 530, 735920.SAPEA (2017). 
Food From the Oceans: How Can More Food and Biomass be 
Obtained From the Oceans in a Way That Does not Deprive 
Future Generations of Their Benefits?, Science Advice for Policy 
by European Academies (SAPEA) Berlin. 
Saari, U. A., Herstatt, C., Tiwari, R., Dedehayir, O., & Mäkinen, 
S. J. (2021). The vegan trend and the microfoundations of 
institutional change: A commentary on food producers’ 
sustainable innovation journeys in Europe. Trends in food 
science & technology, 107, 161-167. 
Salzl, G., Gölder, S., Timmer, A., Marienhagen, J., Schölmerich, 
J., & Grossmann, J. (2008). Poster exhibitions at national 
conferences: education or farce?. Deutsches Ärzteblatt 
international, 105(5), 78. 
Schebesta, H., & Candel, J. J. (2020). Game-changing potential 
of the EU’s Farm to Fork Strategy. Nature Food, 1(10), 586-588. 
Schlag A. K. , Y. K. (2013). "Europeans and aquaculture: 
perceived differences between wild and farmed fish." British 
Food Journal 115(2): 209-222. 
Schlögl, H. (2020). "Einführung des Nutri-Score in 
Deutschland." Der Diabetologe 16(8): 747-748. 
Seibel, H., L. Weirup and C. Schulz (2020). "Fish Welfare – 
Between Regulations, Scientific Facts and Human Perception." 
Food Ethics 5(1-2). 
Statista. (2018). Veganism and Vegetarianism in Europe. 
Dossier. https://www.statista.com/study/41880/veganism- and-
vegetarianism-in-europe/ 
Solgaard, H. S., & Yang, Y. (2011). Consumers' perception of 
farmed fish and willingness to pay for fish welfare. British Food 
Journal. 
Su, C. H. J., Tsai, C. H. K., Chen, M. H., & Lv, W. Q. (2019). 
US sustainable food market generation Z consumer segments. 
Sustainability, 11(13), 3607. 
Thomas, J. B. E., Nordström, J., Risén, E., Malmström, M. E., & 
Gröndahl, F. (2018). The perception of aquaculture on the 
Swedish West Coast. Ambio, 47(4), 398-409. 
  

http://www.statista.com/study/41880/veganism-


Chapter III 

44 

 

 

  



Chapter IV 

45 

 

 

 

Chapter IV 
 
 
 
 
 
 
 

Adult European Seabass (Dicentrarchus labrax) Perform 
Well on Alternative Circular-Economy-Driven Feed 

Formulations 

 
 

Published in: 

Sustainability 2022, 14,7279. https://doi.org/10.3390/su14127279 



Chapter IV 

46 

 

 

 



Chapter IV 

47 

 

 

Article 

Adult European Seabass (Dicentrarchus labrax) Perform 
Well on Alternative Circular-Economy-Driven Feed 
Formulations 
Jessica Petereit 1,*, Christina Hoerterer 1, Adrian A. Bischoff-Lang 2, Luís E. C. Conceição 3, 
Gabriella Pereira 3, Johan Johansen 4, Roberto Pastres 5 and Bela H. Buck 1,6 

 
 
 
 
 
 
 
 
 
 
 
Citation: Petereit, J.; Hoerterer, C.; 

Bischoff-Lang, A.A.; Conceição, L.d.; 

Pereira, G.; Johansen, J.; Pastres, R., 

Buck, 

B.H. Adult European Seabass 
(Dicentrarchus labrax) Perform Well 
on Alternative Circular- Economy-
Driven Feed Formulations. 

Sustainability 2022, 14, x. 
https://doi.org/10.3390/xxxxx 
 
Academic Editor: Giuseppe 

Castaldelli 

Received: 27 April 2022 

Accepted: 9 June 2022 

Published: date 

Publisher’s Note: MDPI stays neutral 

with regard to jurisdictional claims in 

published maps and institutional 

affiliations. 
 

 
 
Copyright: © 2022 by the authors. 
Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/lice 

nses/by/4.0/). 

1 Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12, 
27570 Bremerhaven, Germany; christina.hoerterer@awi.de (C.H.); bela.h.buck@awi.de (B.H.B.) 
2 Faculty of Agricultural and Environmental Sciences, Aquaculture and Sea-Ranching, 
University of Rostock, Justus-von-Liebig-Weg 6, 18059 Rostock, Germany; adrian.bischoff-
lang@uni-rostock.de 
3 SPAROS Lda, Área Empresarial de Marim, Lote C, 8700-221 Olhão, Portugal; 
luisconceicao@sparos.pt (L.E.C.C.); gabriellapereira@sparos.pt (G.P.) 
4 Norwegian Institute of Bioeconomy Research, 1431 Oslo, Norway; johan.johansen@nibio.no 
5 Ca’ Foscari University of Venice, Dipartimento di Scienze Ambientali, Informatica e Statistica Via 
Torino 155, 30172 Mestre, Italy; pastres@unive.it 
6 Applied Marine Biology and Aquaculture, University of Applied Sciences, 27568 Bremerhaven, 
Germany, An der Karlstadt 8, 27568 Bremerhaven, Germany 
* Correspondence: jessica.petereit@awi.de; Tel.: +49-471-4831-2492. 
 

Abstract: There is an increasing need in the aquaculture industry for more 
sustainable and functional feed concepts for marine finfish. This study provides results 
for the effect of alternative feed formulations on health status, welfare parameters, 
sensory analysis, and growth performance in European seabass (Dicentrarchus 
labrax) over an 83-day feeding trial. Fish were fed twice a day with five 
experimental diets. A control diet (control) and four different alternative feed 
concepts rich in processed animal proteins (PAP), other alternative ingredients 
(NOPAP), and a positive (NOPAP+) and negative (PAP- 

) formulation were tested. All alternative formulations contained hydrolysates from 
aquaculture by-products and macroalgae. The results indicate that the alternative 
feed concepts are more sustainable alternatives compared with the commercial diet. 
Equally interesting, the alternative formulations did not affect the sensory analysis of 
the fillet quality or the animal welfare. These are increasingly important factors in 
aquaculture products and, accordingly, also in the formulation of new feeds. Feed 
concepts that are not only more sustainable in their production, have shorter 
transportation distances, recycle the resources (usage of by-products), and have no 
adverse effect on growth or welfare parameters are highly needed. Therefore, the 
experimental diets tested in this study are a win-win concept for future seabass 
aquaculture production. 
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Introduction 
 
According to the Food and Agriculture Organization of the United Nations (FAO), more than 10% of 
the human population suffered from hunger in 2018, with increasing numbers over the last decade [1]. 
Therefore, the demand for protein sources to meet world hunger and nutritional requirements is rising. 
Aquaculture, as the fastest-growing, food sector holds promise for food security and offering new job 
opportunities [2,3]. Furthermore, it already accounts for 52% of global seafood consumption and can 
provide a more sustainable alternative than commercial fisheries [2]. 
To optimize aquaculture production while improving sustainability and ensuring the nutritional status 
of the fish for human consumption, it is crucial to work towards high quality, eco-friendly, and affordable 
feed concepts [4]. Sustainability in this paper refers to a more circular economy process that focuses on 
ecosystem conservation while ensuring excellent nutritional and welfare parameters for the fish [5]. The 
circular economy approach is the most promising and widely used model in aquaculture. It involves 
the reduction and reuse of resources in production while aiming for optimization and eco- efficiency 
[6]. The main sustainability issue in aquaculture is the fish in/fish out ratio, which needs to be 
addressed to ensure a more sustainable production while minimizing resource consumption and 
maximizing yield [5]. 
Feed represents the main operational cost in marine fish farming. At present, the main protein sources 
are fishmeal (FM), soybean protein concentrate (SPC), wheat/corn gluten meals (WGM/CGM), and 
soybean meal (SBM) [7-9]. The FM, SPC, and SBM need to be augmented with alternative sources 
due to their high price and questionable sustainability to ensure the growth of aquaculture production 
[9,10]. FM is regarded as unsustainable due to finite marine resources, long transportation distances, 
as well as habitat degradation, and needs to be replaced to improve the sustainability of fish farming [10]. 
SBM is mostly produced in the American continent, in countries that often grow soy in unsustainable 
monocultures, which not only challenges the availability of land for food production, but also produces 
high transportation costs to get the meal to Europe, increasing the carbon footprint for the feed [11]. 
The demand for high-quality proteins in aquaculture feeds is high, and sustainable alternatives, such 
as plant- and terrestrial-animal- derived proteins are needed. In addition, protein hydrolysates 
produced from aquaculture by-products can help ensure the food safety and nutritional balance of fish 
while eliminating the independence of import and long transportation ways [8]. This is especially 
important in current situations that increase the demand for independency in the context of global 
pandemics (e.g., COVID-19 or other diseases), political escalations (e.g., wars or other forms of conflicts), 
or natural phenomena and disasters (El Nino, tsunamis, etc.) that lead to transportation bottlenecks [12]. 
The definition of by-products includes all raw materials (edible or inedible) that are left over from the 
production of the main product (here: seafood in general) and can be directly reused without further 
processing [5,6]. These include waste, skins, heads, blood, and bones. In fish production, an estimated 
45% is used as a primary product and 55% as a by-product, highlighting the need to reuse these products 
to reduce environmental impact (carbon footprint with longer transportation distances) and improve 
production efficiency [6]. 
Other alternative protein sources are insect meals, plant-derived proteins, terrestrial animal by-
products, fermented biomasses, and/or microalgae [10]. Taurine is deficient in plant-based protein 
sources, which is known to be essential for growth in carnivorous fish, such as European seabass or 
turbot [13,14]. It is well known that plant-derived proteins lack the nutritional benefits for feed 
performance in carnivorous fish and can only account for a smaller proportion in fish feed [15,16]. 
Simple-stomach animals, such as carnivorous fish, cannot digest plant ingredients, such as fiber. The 
cellulose in the feed leads to reduced energy, protein, mineral, and nutrient availability for the fish, as the 
complex cell walls cannot be digested [17]. Currently, we can see a steady increase in the formulated 
fish feed based on a mix between FM, aquaculture by-products, plant, and animal-derived proteins 
that lead to better digestibility of the nutrients for the fish [6,13]. 
Another rising issue is the mineral deficiency in fish caused by unbalanced diets that limit the mineral 
availability [18]. This can lead to a poor nutritional quality of the final products, so it is essential to 
evaluate a fish species’ mineral and trace elements when looking at alternative feed ingredients [19]. 



Chapter IV 

49 

 

 

It is known that carnivorous fish, such as European seabass, are hampered in the extraction of 
macronutrients from plants/algae [20]. This reduced availability of nutrients can cause harm in the 
intestinal tracts and could lead to inflammation and poor health, which is why the apparent availability 
needs to be considered when looking at alternative feed diets [20]. Phosphorus, calcium, iron, zinc, and 
iodine are the most nutritionally essential elements in marine fish, with total  mineral  content  ranging 
from 0.6% to 1.5% on fresh weight [18,21]. The skeletal structure, the preservation of the colloidal 
system, and the regulation of acid–base equilibrium are all critical activities of vital minerals, which are 
absorbed from the food and deposited in skeletal tissue and organs [21,22]. In general, fish from 
aquaculture have fewer toxic elements in the final products than wild fish, because wild fish 
bioaccumulate hazardous substances from the sea. This is another reason why aquaculture fish from 
RAS are a more promising solution for the safe consumption of seafood [6,22]. Welfare assessment in 
the aquaculture sector is becoming increasingly important for both consumers and governments, and 
evaluating new feed concepts in that aspect is mandatory for sustainable development [23]. For welfare 
assessment, it is essential to have a multilevel approach, as individual parameters are not giving an 
accurate evaluation of the complete state of the fish [24]. The welfare of fish is a highly complex system. 
The literature suggests using stress responses to assess the animals’ physiological status [24-27]. 
Therefore, this study investigates blood parameters and immunological responses (lysozyme), known as 
key stress parameters [24,25,27]. European seabass is a marine fish species that is highly important in 
Europe for cultural as well as economic value [28,29]. As a carnivorous aquaculture species, it relies on 
high protein feed ingredients, usually FM, in the feed to ensure good health and growth performances [30]. It 
is known from the literature that FM in sea bass can be partially replaced by insect meal and plant and 
animal proteins without affecting the metabolism and/or growth [17,28,31,32].  
This study focused not on a single ingredient analysis, but rather feed formulation concepts based on 
combinations of more sustainable ingredients to test for growth, nutritional, welfare, and sensory 
parameters. Four alternative diet compositions were tested against a commercially mimicked feed 
recipe to offer more sustainable feed formulations for the seabass farming industry. Feed intake, growth, 
feed utilization, welfare parameters, tissue composition, sensory, and mineral analysis were assessed over 
an 83-day feeding period. 
 
Materials and Methods 
Experimental Setup 
A total of 375 European seabass (Dicentrarchus labrax) kept in the recirculation aquaculture system 
(RAS) of the Alfred Wegener Institute Helmholtz Center for Polar and Marine Research (AWI) 
(Bremerhaven, Germany) were used for the feeding experiment. The fish were acclimatized within the 
RAS for two weeks before starting the 83-day feeding trial. Fish were individually tagged with PIT tags 
and, afterwards, randomly distributed into 15 tanks (25 fish/tank) for acclimatization (Tag reader: 
Agrident; APR600 ISO 11784/11785 RFID Handheld Reader). The mean weight of the individuals was 
320.8 ± 72.4 g. and the mean length was measured at 30.5 ± 2.1 cm, respectively. The experimental  
RAS  consisted  of 36 individual holding tanks, with a bottom area of one m² and a volume of 700 L 
each. For all 36 tanks, the water was treated the same, using typical RAS cleaning devices, such as a 
drum filter, bio filter, a protein skimmer (with ozone), and a trickling filter. For this experiment, 15 out of 
the 36 tanks were used to ensure a density comparable to aquaculture facilities. The rest of the tanks 
were used as holding tanks for the spare fish. The condition (temperature, pH, salinity, and oxygen) of 
the process water was monitored daily with an SC 1000 Multiparameter Universal Controller (Hach Lange 
GmbH, Düsseldorf, Germany), and the nutrient concentration (nitrite, nitrate, and ammonium) was 
measured with the QuAAtro39 AutoAnalyzer (SEAL Analytical, Germany) twice a week (Table 1). 
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Table 1. Mean values ± standard deviation of the water parameters during the experimental trial (83 days) 
(temperature, pH,salinity, and oxygen: n = 83; ammonium, nitrite, and nitrate: n = 42). 
 

Temperature 
(°C) 

pH Salinity Oxygen 
(%) 

Ammoniu 
m (mg/L) 

Nitrite 
(mg/L) 

Nitrate 
(mg/L) 

 
20.0 ± 0.9 

7.62 ± 
0.04 

36.3 ± 0.1 95.2 ± 6.7 0.096 ± 
0.055 

0.198 ± 
0.11 

127.9 ± 38 

 
The fish were fed twice a day at 9:00 a.m. and 2:00 p.m. For the morning feeding, 50 g of pellets were 
provided per tank and, in the afternoon, the fish were fed ad libitum to ensure that the animals were 
fully sated. Thirty minutes after the afternoon feeding, the remaining pellets were netted and removed 
from the tanks, and the pellets were counted to calculate the exact amount of ingested feed. 
 

Experimental Diets 
In order to meet the nutritional requirements of European seabass and ensure good performance of the 
fish, the different feed compositions were prepared according to the current recommendations for this 
species [17,29,30]. All experimental diets, including the control, were manufactured by SPAROS LDA 
(Olhão, Portugal) using the same size and extrusion parameters, to minimize technological differences 
among the feed trials. 
Based on the formulation of commercial seabass feed, four different alternative, isonitrogenous feed 
concepts were produced, in addition to a control diet (Table 2). All diets were extruded floating pellets 
with a size of 6 mm. In addition, a typical commercial diet for seabass was mimicked for the control 
diet, based on analysis of commercial feed labels from different commercial suppliers and further 
contacts with feed formulators in the industry. The no processed animal protein (NOPAP) and NOPAP+ 

diets included insect meal, fermentation biomass products, and vegetable protein concentrates; the 
processed animal protein (PAP) diet included poultry meal, feather meal hydrolysate, porcine blood 
meal, insect meal, and fermentation biomass products; and the PAP- included poultry meal, feather meal 
hydrolysate, porcine blood meal, and fishmeal. All alternative formulations contained hydrolysates from 
aquaculture by-products and macroalgae. The NOPAP+ diet was formulated to maximize the 
performance of the fish and, therefore, supplemented with krill meal according to Torrecillas et al., 
(2021) [32]. All four alternative diets had significantly reduced levels of fish oil and rapeseed oil compared 
to the control; salmon oil and algae oil were used in this replacement. The NOPAP+ diet was used as 
a positive control for fish growth performance, due to a higher proportion of high-quality FM, and the 
PAP- diet was used as a negative control, due to higher proportions of plant-derived   proteins,   to   
identify   the   thresholds   of   growth performance in D. labrax. Once the experimental diets were 
produced, they were directly delivered from Portugal to the experimental RAS facility at the AWI. Before 
and during the trials, the feed was stored at 4 °C to ensure continuous quality of the diets throughout the 
feeding experiment. The feed arrived, and the acclimatization period of the fish in the new tanks began; 
the feed was stored for two weeks before fish feeding started. 
 
Table 2. Diet formulation of the experimental diets (% dry weight). 
 

Ingredients, % Control NO PAP PAP NO PAP+ PAP- 
Fishmeal Super Prime 10.00   15.00  

Fishmeal 60 (by-products) 5.00     

Krill meal    5.00  

Fish protein hydrolysate 3.00     

FPH-trout-head 0.50 0.50 0.50 0.50 
FPH-trout-tf 0.50 0.50 0.50 0.50 
FPH-turbot-head 0.25 0.25 0.25 0.25 
FPH-turbot-tf 0.75 0.75 0.75 0.75 
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FPH-salmon-head 
 

0.50 0.50 0.50 0.50 
FPH-salmon-tf  0.50 0.50 0.50 0.50 
Feather meal hydrolysate   5.00  10.00 
Porcine blood meal   2.25  5.00 
Poultry meal 10.00  14.00  20.00 
Insect meal (Hermetia illucens)  

15.00 10.00 10.00 
 

Fermentation biomass (Corynebacterium 
glutamicum) 

  
5.00 

 
5.00 

 
2.50 

 

Fermentation biomass      
(Methylococcus capsulatus)  15.00 10.00 10.00  
Soy protein concentrate 4.40     
Pea protein concentrate  2.50  3.50  
Wheat gluten 6.00 1.50  1.50  
Corn gluten meal 6.00 1.50  1.50  
Soybean meal 48 15.00     
Sunflower meal 40  9.10  6.00 13.60 
Wheat meal 11.40 5.70 5.70 5.70 5.70 
Whole peas 4.00 11.13 16.36 9.14 14.44 
Pea starch (raw) 4.00 4.00 4.00 4.00 4.00 
Vit. and Min. Premix— WITH I and Se 1.00 

    

Vit. and Min. Premix—NO I and Se  
1.00 1.00 1.00 1.00 

GAIN Macroalgae SHP  2.50 2.50 2.50 2.50 
GAIN Macroalgae SHP Se- rich  

0.10 0.10 0.10 0.10 

GAIN Microalgae WUR Se- rich  
0.20 0.20 0.20 0.20 

Vitamin E50 0.03 0.03 0.03 0.03 0.03 
Betaine HCl 0.10 0.10 0.10 0.10 0.10 
Antioxidant 0.25 0.25 0.25 0.25 0.25 
Sodium propionate 0.10 0.10 0.10 0.10 0.10 
Monoammonium phosphate 1.30 2.65 1.85 1.45 1.60 

L-Histidine  0.10    
L-Tryptophan 0.10 0.10 0.10  0.25 
DL-Methionine 0.20 0.40 0.30 0.10 0.30 
L-Taurine  0.17 0.09 0.01 0.06 
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FPH: fish protein hydrolysates; I: iodine; Se: selenium; SHP: Salten Havbrukspark AS, partner that produced 
macroalgae; VPC: vegetable protein concentrate; YM: yeast meal; WU: Wageningen University, partner that 
produced microalgae. 
 
Measurements and Sampling 
At the beginning of the experiment and every four weeks, the fish were anesthetized in a bucket with 
500 mg/L−1 tricaine methanesulphonate (MS-222; Sigma Aldrich, Taufkirchen, Germany) for three 
minutes. The fish were individually weighed to 0.2 g precision, and measured in length to 0.5 cm precision 
and identified by their tags to measure the growth performance. At the beginning of the experiment (after 
the acclimatization period), 15 fish were anesthetized and sacrificed to obtain baseline data for the 
quality of their fillet, blood, and organs. After 83 days, at the end of the entire trial, five fish per tank were 
sampled individually for the sampling of their tissues, organs, and blood. Additionally, five fish per tank 
were pooled at the end of the trial to analyze the mineral data, and, furthermore, again, five fish per tank 
were pooled to analyze the proximate composition. After the animals have been anesthetized, blood 
was taken with a heparinized syringe, and half of the blood sample was transferred to an EDTA tube 
with a glycolysis inhibitor (potassium). The tubes were centrifuged at 2000× g at 7 °C for 10 minutes. 
The plasma was pipetted into an Eppendorf tube and stored at −20 °C for further analysis. Afterwards, 
the fish were decapitated and tissues (liver, head kidney, and fillet without skin) were sampled rapidly and 
put on ice. The liver was weighted with 0.1 mg precision to determine the hepatosomatic index (HSI). 
All tissues were shock frozen in liquid nitrogen and stored at −80 °C until further analysis. For 
digestibility analysis, the feces were sampled by a collection device per one tank (meaning three tanks 
per diet and 15 tanks in total). The collection device was installed under each tank and was emptied 
before the feeding in the morning and collected after a 4 h digestion period. The feces were centrifuged 
at 4° C and 3000× g for 5 min, and the supernatant was removed and frozen at −80 °C until further 
analysis. For the fillet analysis, five fish per tank were stunned with a head blow and then killed with a gill 
cut. All fillets were removed and weighted for the total yield and frozen at −20 ° C for further analysis. 
 
Homogenization of Diets, Whole Body, and Feces 
The diets were homogenized in a knife grinder (5000 rpm, 30 s, Grindomix GM 200, Retsch, Germany) 
two times to achieve homogenized materials and deep-frozen for further analysis. The collected feces 
were pooled per tank (n = 15) and freeze-dried for 24 h. Afterwards, the freeze-dried samples were 
homogenized in a knife grinder (5000 rpm, 30 s, Grindomix GM 200, Retsch, Germany) and stored at 
−20 °C for further analysis. Whole fish samples were pooled from three individuals. The fish were 
minced frozen in a commercial meat grinder, refrozen at −20 °C, and then freeze-dried for 48 h. 
 
Chemical Analysis 
Moisture, Ash, and Energy Analysis 
The moisture content and ash of the experimental diets, feces, and whole-body fish was determined after 
AOAC (1980). The moisture content of the feeds was determined by drying the samples at 105 °C for 24 
h. The moisture content of the feces and whole body was determined by freeze-drying for 24 h for the 
feces and 48 h for the whole-body samples. Total ash content was determined by combustion of the 
samples in a muffle oven at 550 °C for 6 h.  

Yttrium oxide 0.02 0.02 0.02 0.02 0.02 

Lecithin  0.25 0.25  0.25 
Fish oil 5.40 2.70 2.70 2.70 2.70 
Salmon oil  9.00 9.00 13.60 9.00 
Algae oil  1.00 1.00 1.00 1.00 
Rapeseed oil 12.70 5.90 5.10  4.80 
total 100.00 100.00 100.00 100.00 100.00 
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Gross energy was measured in an adiabatic bomb calorimeter (Model 6100, Parr Instrument, Frankfurt 
am Main, Germany). 
 
Crude Fat and Crude Protein Analysis 
The crude fat and crude protein analysis of the feed, as well as the whole-body samples, were conducted 
in an external lab (Labor IBEN GmbH, Bremerhaven, Germany). The crude fat was analyzed after 
Weibull/Stoldt (ASU L 06.00-6 2014-08* (Modification: Extraction with Soxtherm) and the crude protein 
with N × 6.25 (ASU L 06.00-7 2018-06*). For all other samples (feed, carcass, and fillet), the measured total 
nitrogen was converted to equivalent crude protein (%) using a conversion factor of 
6.25. Crude lipid was determined after Weibull-Stoldt. 

 
Mineral Analysis 
The mineral analyses of diets, feces, and whole-body composition were conducted in duplicates. For 
the analysis of the mineral content, 0.2 g of freeze-dried and homogenized samples of the 
experimental diets, feces, and whole body were digested in 3 mL nitric acid HNO3 (65%, trace 
grade) in a microwave oven (CEM MARS5, Kamp-Lintfort, Germany) according to DIN EN 13805 
(2014). After digestion, the samples were diluted with milli-q water to 50 mL. Calcium, potassium, 
magnesium, phosphorus, arsenic, copper, iron, manganese, yttrium, and zinc concentrations were 
analyzed in an ICP-OES (iCAP7400, Fisher Scientific, Schwerte, Germany). Fish muscle (ERM—
BB422, EU) was used as reference. 
 
Blood Parameters 
All blood parameters, except for the lysozyme activity, were analyzed in an external lab in 
Bremerhaven, Germany (Labor Dr. Schumacher MVZ GmbH, Bremerhaven, Germany). The following 
parameters were measured: potassium, sodium, calcium, lactate dehydrogenase (LDH), total proteins, 
and glucose. LDH, glucose, and total protein were analyzed with a photometer at 700 nm. The total 
protein content was analyzed after the biuret method and glucose after the hexokinase method; for LDH, 
lactate was transformed into pyruvate (IFCC method). Potassium, natrium, and calcium were analyzed 
with an ion-selective electrode method, in which a selective membrane measures the ions of each 
parameter. 
 
Lysozyme Activity 
The lysozyme activity was performed to the protocol of Milla [33]. The phosphate buffer consisted of 
0.05 mol/L NaH2PO4 + 0.05 mol/L Na2HPO4 and was modified with 85% H3PO4 to a pH of 6.2. A total 
of 30 mg of Micrococcus luteus (0.6 mg/mL, SIGMA M3770) was mixed with 50 mL buffer on a daily 
basis, while 20 mg lysozyme from egg whites (Lot SLCC4285, 40382 Units/mg, Sigma L6876) was 
mixed with 20 mL of buffer weekly. The lysozyme–buffer solution was diluted to obtain 1000 U/mL. 
Therefore, 248 µL lysozyme solution was buffered in 9.752 mL buffer. A standard curve was created 
that ranged from 100 U/mL to 900 U/mL, as well as two blank samples (one with the bacterium and 
one with the buffer). For the samples, 10 µL and 5 µL of plasma with 10 µL and 15 µL of buffer were 
pipetted into the wells to obtain a volume of 20 µL per well. Immediately before starting the 
measurement, M. luteus was added at 130 µL to the standard curve and all sample preparations. For 
the measurement, 96-well plates (Brandplate 781660) with a clear flat bottom were used and measured 
in a Berthold Tristar LB941. The measurement was performed at 450 nm every minute over a period 
of 10 min. The plate was shaken for 5 s before the first measurement. For each measurement, the 
standard curve, samples, and blanks were measured in triplicate. Between measurements, the 
solutions were stored as much as possible in the refrigerator at 4 °C and the samples in the freezer at 
−20 °C. 
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Fillet Analysis 
Sensory Analysis 
The sensory analysis of the fillet was conducted in an external lab (Labor IBEN GmbH, Bremerhaven, 
Germany). The fillets were tested for their consistency before and after cooking, smell, taste, color, juice 
and grease separation, and protein precipitation with an ASU l 0.90-6 2015- 06 standard Norm method. 
The sensory analysis was carried out in the sensory room of the Labor IBEN by at least two test persons. 
The testers describe the test samples individually or jointly using descriptive expressions of their 
choice or based on predefined lists (for fresh fish, for example, according to the Karlsruher Scheme). 
The samples were cooked, and the temperature of the test samples was the same for each test person at 
the time of presentation. 
The testing room was clean and odor-free at all times. Lighting was uniform, glare-free, and as close to 
the daylight spectrum as possible. The appearance, odor, taste, and consistency of the food were 
assessed. 
 
Calculation and Formulas 
The growth parameters were based on body weight (BW) and body length (BL) and was calculated as 
follows: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛 (𝑊𝐺) (g) = 𝐵𝑊 𝑓𝑖𝑛𝑎𝑙 (g) − 𝐵𝑊 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (g) 

ln(𝐵𝑊 𝑓𝑖𝑛𝑎𝑙 (g) − ln(𝐵𝑊 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (g))) 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝑅𝐺𝑅, % ) = 100 (𝑒 −  1) 

𝑓𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 

 

𝐵𝑊 𝑓𝑖𝑛𝑎𝑙 (g) 
𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐶𝐹 %) = 100 × 

𝐵𝐿 𝑓𝑖𝑛𝑎𝑙3 (cm) 
 

𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (g) 
𝐻𝑒𝑝𝑎𝑡𝑜𝑠𝑜𝑚𝑎𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 (𝐻𝑆𝐼 %)  = 100  × 

𝐵𝑊 𝑓𝑖𝑛𝑎𝑙 (g) 
 

𝑣𝑖𝑠𝑐𝑒𝑟𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 (g) 
𝑉𝑖𝑠𝑐𝑒𝑟𝑜𝑠𝑜𝑚𝑎𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 (𝑉𝑆𝐼 %) =  100  × 

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (g) 
 
The feed performance parameters, daily feed intake (DFI), and feed conversion ratio (FCR) were 
based on the feed intake (FI) in g of the offered amount of feed and the uneaten feed. Total FI and 
WG for FCR were corrected for the lost biomass through mortalities and sampling. 
 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑒𝑒𝑑 𝑖𝑛𝑡𝑎𝑘𝑒 (𝐹) 𝑡𝑜𝑡𝑎𝑙 (g) = (𝐹𝑒𝑒𝑑 𝑜𝑓𝑓𝑒𝑟𝑒𝑑) − (𝐹𝑒𝑒𝑑 𝑢𝑛𝑒𝑎𝑡𝑒𝑛) 

 

𝐹𝐼 𝑡𝑜𝑡𝑎𝑙 (g) 

𝐷𝑎𝑖𝑙𝑦 𝑓𝑒𝑒𝑑 𝑖𝑛𝑡𝑎𝑘𝑒 (𝐷𝐹𝐼, % 𝐵𝑊 = =  100  ×  (𝐵𝑊 𝑓𝑖𝑛𝑎𝑙  +  𝐵𝑊 𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 

(𝐹𝑒𝑒𝑑𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 × 2 ) 

 

𝐹𝐼 𝑡𝑜𝑡𝑎𝑙 (g) 

 

𝐹𝑒𝑒𝑑 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (𝐹𝐶𝑅) =              𝑊𝐺 (g) 

 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛 (g) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑟𝑎𝑡𝑖𝑜 (𝑃𝐸𝑅) =              𝑐𝑟𝑢𝑑𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛𝑡𝑎𝑘𝑒 (g) 
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The apparent digestibility (ADC) of the dietary nutrients and the apparent availability (AA) of minerals 
were based on the amount of the inert yttrium marker in the diet and feces and the respective nutrient 
or element in feces and diets. 

 

 
 
 
 
 
 
 
 
 
 
 

Statistical Analysis 
Statistical analysis was conducted with Sigma Plot (12.5, Systat Software, Erkrath, Germany). One-
way analysis of variance (ANOVA) was used to determine significant differences between the 
treatments. Whenever there were statistically significant differences, an all pairwise multiple comparison 
procedure was performed using the Holm–Sidak method overall significance level p < 0.05 to find the 
difference within the treatments. Values are given as means ± standard deviations. The sensory 
analysis was an ANOVA on ranks performed to see the statistical difference (p < 0.05). If statistical 
differences were detected, all pairwise multiple comparison procedure (Tukey test) was performed to 
detect differences over the significance level between the treatments. 
 

Results 
Feed 
The proximate composition of feed can be seen in Table 3. The moisture was significantly higher in 
the PAP- and NOPAP+ diets. The energy was significantly lower in the PAP diet and dry matter was 
significantly lower in the PAP and PAP- diet compared to the control diet (Table 3). 
 
Table 3. Chemical composition of the experimental diets. 

 

Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p 
values from one-way ANOVA. 
 
The mineral composition of the feed can be seen in Table 4. All diets had an yttrium marker inside their 
formulation to later be able to analyze the apparent digestibility (ADC) of the different 
nutrients/minerals. The minerals were tested without replicates, as prior analysis determined very small 
variations within the mineral analysis of feed. 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑑𝑖𝑒𝑡 

𝐴𝐷𝐶 𝑑𝑟𝑦 𝑚𝑎𝑡𝑡𝑒𝑟 (%) = 100 − (100 × ) 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑓𝑎𝑒𝑐𝑒𝑠 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑑𝑖𝑒𝑡 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑓𝑎𝑒𝑐𝑒𝑠 

𝐴𝐷𝐶 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡(%)  =  100 – (100  × ( × ) 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑓𝑎𝑒𝑐𝑒𝑠 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑑𝑖𝑒𝑡 

 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑑𝑖𝑒𝑡 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑓𝑎𝑒𝑐𝑒𝑠 

𝐴𝐴 (%) = 100 – (100 × ( × ) 

𝑦𝑡𝑡𝑟𝑖𝑢𝑚𝑓𝑎𝑒𝑐𝑒𝑠 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑑𝑖𝑒𝑡 

Feed Control PAP NOPAP PAP- NOPAP+ 
p 

Value 
Ash (%) 7.98b 8.10 ab 8.23 a 8.06 b 8.04 b 0.039 

Moisture (%) 8.10 c 8.88 d 8.88 d 10.19 b 11.30 a <0.001 

Gross 
energy (MJ kg−1) 

 
23.16 a 

 
21.58b 

 
22.88 a 

 
23.08 a 

 
23.14 a 

 
<0.001 

Crude protein (%) 37.9 39.0 38.5 35.8 41.0 0.406 

Crude fat (%) 22.2 22.2 21.8 21.2 21.5 0.406 

Apparent digestibility coefficient 

Dry matter (%) 79.18 ± 
0.93 ac 

77.59 ± 
1.13 bce 

76.24 ± 
1.88 acd 

76.14 ± 
2.56 de 

80.52 ± 
1.01 ab 

0.032 

Gross energy (%) 74.95 ± 
1.46 

75.143 ± 
1.17 

73.60 ± 1.46 73.43 ± 
1.53 

70.48 ± 6.56 0.440 
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Table 4. Mineral composition of the experimental diets. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Growth and Feed Performance 
There were no mortalities during the feeding experiment. The fish fed the alternative diets showed no 
significant differences in total feed intake, FCR, or condition factor (Table 5). 
 
Table 5. Performance parameters of the seabass fed five experimental diets (n = 45). 
 

Feed Control PAP NOPAP PAP- NOPAP+ p Value 
Total 
feed 
intake 
(g) 

 
261.92 ± 
16.11 

 
254.55 ± 
5.76 

 
247.27 ± 
10.87 

 
242.97 ± 
8.22 

 
258.85± 
4.23 

 

0.349 

FCR 1.74 ± 0.04 1.96 ±0.16 1.67 ± 0.07 1.92 ± 0.17 1.79 ± 0.14 0.213 
CF 1.20 ± 0.03 1.19 ± 0.02 1.19 ±0.03 1.19 ±0.01 1.21 ±0.02 0.817 
Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 
All fish had an initial weight of 320.8 ± 72.4 g. The weight gain at the end of the 83-day trial was 
significantly higher in control fed fish compared to the PAP and NOPAP treatments, as well as between 
PAP- and PAP fed fish (p value: 0.035). 
The health indicator hepatosomatic index (HSI) showed no significant difference between the 
treatments, but the viscerosomatic index (VSI) differs significantly between the PAP- fed fish and the 
NOPAP+ and control fed fish (p value: 0.009) (Table 6). The relative growth rate was significantly higher 
in control fed fish compared to all alternative diets: PAP-, NOPAP, PAP and NOPAP+ (p value: 0.009). 
 
Table 6. Growth and health performance parameters of the seabass fed five experimental diets (n = 45). 
 

Feed Control PAP NOPAP PAP- NOPAP+ 
p 

Value 

Weight gain (g) 159.90 ± 
127.9 a 

148.20 ± 
129.2 a 

144.00 ± 
118.6 bc 

138.55 ± 
116.5 bc 

144.50 ± 
125.6 ac 

0.035 

HSI (%) 1.52 ± 0.37 1.41 ± 0.25 1.46 ± 0.26 1.47 ± 0.35 1.63 ± 0.32 0.438 
VSI (%) 9.33 ± 1.52 a 8.97 ± 1.82 a 8.54 ± 1.42 a 8.30 ± 1.18 b 9.73 ± 1.77 a 0.009 

BW final (g) 466.30 ± 
105.22 

475.68 ± 
102.95 

460.18 ± 
88.28 

459.33 ± 
104.01 

474.78 ± 
101.47 0.847 

RGR (%/day) 0.52 ± 0.13 a 0.48 ± 0.13 b 0.46 ± 0.09 b 0.45 ± 0.11 b 0.47 ± 0.09 b 0.009 
Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 

Feed Control PAP NOPAP PAP- NOPAP+ 

Calcium (Ca; g/kg−1) 16.68 18.12 17.75 16.70 17.07 
Potassium (K; g/kg−1) 6.72 6.43 6.51 5.41 6.44 
Magnesium (Mg; g/kg−1) 1.82 1.71 1.77 1.57 1.67 
Sodium (Na; g/kg−1) 4.04 3.73 3.85 2.31 4.47 
Phosphorus (P; g/kg−1) 13.27 13.42 13.47 13.58 13.02 
Ca/P ratio 1.26 1.35 1.32 1.23 1.31 
Copper (Cu; mg/kg−1) 17.36 17.50 18.86 18.87 17.42 
Iron (Fe; mg/kg−1) 346.04 198.41 180.04 259.99 162.49 
Manganese (Mn; mg/kg−1) 34.73 32.38 34.39 37.78 25.51 
Zinc (Zn; mg/kg−1) 173.97 161.39 171.89 181.72 179.55 
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Whole-Body Composition 
The whole-body analysis showed no significant differences between the crude fat, moisture, ash, or 
PER between all groups. However, the crude protein was significantly higher in the NOPAP fed diet 
compared to the PAP- and NOPAP+ (p value: 0.022) fed fish (Table 7). The energy content of the 
NOPAP+ fed fish was significantly higher compared to control, PAP, or PAP- fed fish (p value: 0.046). 
 
Table 7. Whole-body composition parameters of seabass fed five experimental diets (n = 15). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 
 
Mineral Analysis 
The mineral content of the whole body showed no significant differences for the cultured seabass in 
any of the analyzed mineral and trace elements (Table 8). 
 
Table 8. Analyzed mineral concentration on a wet weight basis in the whole body of seabass fed with five 
experimental diets for 83 days (n = 15). 
 

Feed Control PAP NOPAP PAP- NOPAP+ 
p 

 
 Value 

As (mg/kg) 0.0004 ± 0.00 0.0001 ± 0.00 0.0003± 0.00 0.0003 ± 0.00 0.0002 ± 0.00 0.075 
Ca (g/kg) 29.67 ± 2.61 28.67 ± 3.36 30.42 ± 0.45 33.61 ± 5.95 26.45 ± 4.14 0.287 
Cu (mg/kg) 0.003 ± 0.000 0.003 ± 0.000 0.003 ± 0.00 0.002 ± 0.001 0.003 ± 0.000 0.124 
Fe (mg/kg) 29.47 ± 3.69 30.59 ± 2.37 28.82 ± 7.44 28.96 ± 4.02 23.55 ± 6.33 0.522 
K (g/kg) 9.26 ± 0.65 9.23 ± 0.25 9.00 ± 0.31 9.12 ± 0.53 9.26 ± 0. 15 0.924 
Mg (g/kg) 1.06 ± 0.07 1.08 ± 0.03 1.04 ± 0.04 1.08 ± 0.11 1.03 ± 0.05 0.825 
Mn (mg/kg) 6.42 ± 0.85 6.01 ± 0.79 5.71 ± 0.51 6.60 ± 1.30 5.12 ± 0.93 0.349 
Na (g/kg) 3.12 ± 0.29 3.05 ± 0.13 2.99 ± 0.15 3.21 ± 0.23 3.03 ± 0.01 0.646 
P (g/kg) 18.85 ± 1.58 18.48 ± 1.58 18.34 ± 1.09 20.55 ± 3.18 17.25 ± 1.95 0.422 
Zn (mg/kg) 37.43 ± 0.83 36.54 ± 1.80 37.75 ± 2.89 37.84 ± 2.54 34.15 ± 2.57 0.302 
Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05),  
p values from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, 
fermentation-, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to 
NOPAP but enriched with high-quality fishmeal and krill meal (used as positive control). 
 
 
 
 
 
 

Feed Control PAP NOPAP PAP- NOPAP+ 
p 

Value 
Moisture (%) 37.69 ± 2.33 37.45 ± 3.92 36.57 ± 2.83 38.61 ± 2.04 41.49 ± 7.05 0.296 

Ash (%) 10.29 ± 1.10 10.42 ± 0.83 10.20 ± 0.64 10.45 ± 0.57 11.28 ± 3.71 0.845 

 

Energy (MJ 

kg−1) 

25.40 ± 

1.37 b 

25.11 ± 

1.09 b 

26.44 ± 

1.92 ab 

25.10 ± 

1.31 b 

29.90 ± 

5.95 a 

 
0.046 

Crude fat 

(mg/kg) 

 

16.47 ± 0.72 
 

15.6 ± 0.7 
 

16.37 ± 1.10 
 

15.87 ± 2.20 
 

15.45 ± 0.35 
 

0.841 

Crude protein 

(mg/kg) 

 

18.03 ± 0.15 a 
18.03 ± 0.15 
a 

18.57 ± 0.21 
b 

17.83 ± 0.40 
a 

17.75 ± 0.07 
a 

 

0.022 

PER 1.56 ± 0.05 1.35 ± 0.11 1.56 ± 0.08 1.48 ± 0.11 1.36 ± 0.12 0.057 
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The apparent availability of sodium was significantly lower in PAP- fed fish than in all other fed diets (p 
value: <0.001). Iron availability was significantly lower in the NOPAP+ and PAP fed fish compared to 
control and PAP- (p value: 0.021) fed fish. However, the PAP- fed fish showed significantly higher zinc 
availability compared to control, NOPAP, and NOPAP+ (p value: 0.043) fed fish (Table 9). 
 
Table 9. Apparent availability of minerals and trace elements on a wet weight basis in the whole body of seabass 
fed with five experimental diets for 83 days (n = 15). 
 

Apparent 
Availability 

(%) 

 
Control 

 
PAP 

 
NOPAP 

 
PAP- 

 
NOPAP+ 

p 
Value 

Calcium (Ca) 21.33 ± 8.3 27.47 ± 11.92 34.22 ± 14.58 26.60 ± 12.90 14.54 ± 7.20 0.346 
Potassium (K) 87.79 ±1.33 88.19 ± 0.29 88.04 ± 0.91 85.96 ± 1.83 87.82 ± 0.59 0.180 

Magnesium 
(Mg) 

−130.35 
± 0.81 

−145.74 
± 29.20 

−120.79 
± 22.04 

−164.99 
± 32.26 

−149.89 
± 2.85 

 
0.193 

Sodium 
(Na) 

−298.73 
± 46.47 a 

−295.86 
± 13.90 a 

−276.14 
± 18.36 a 

−545.01 
± 92.41 b 

−229.73 
± 19.68 a 

 
<0.001 

Phosphorus (P) 55.59 ± 1.70 60.35 ± 8.20 60.62 ± 7.25 66.40 ± 7.70 59.47 ± 6.08 0.438 
Copper (Cu) 67.26 ± 4.10 63.22 ± 5.75 67.03 ± 5.18 69.12 ± 7.85 65.17 ± 5.40 0.770 

Iron (Fe) 23.82 ± 
22.54 a 

−2.84 ± 5.56 
bc 7.75 ± 6.47 ac 25.66 ± 6.35 a 

−5.07 ± 5.79 
bc 0.021 

Manganese 
(Mn) 

31.59 
± 12.67 

37.67 
± 19.18 

43.48 
± 15.18 

55.45 
± 10.1 

23.29 
± 6.01 

 
0.112 

Zinc (Zn) 19.99 ± 3.24 
a 

31.45 ± 11.75 
ab 

26.40 ± 11.24 
a 46.11 ± 9.78 b 

21.22 ± 9.16 
a 0.043 

Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 

Welfare Parameters 
The plasma analysis showed no significant differences in glucose, lysozyme, and LDH activity. The 
total protein content in plasma was significantly lower between the NOPAP+ fed fish and the control, 
NOPAP, and PAP- fed fish, as well as between PAP- and control fed fish (p value: 0.001) (Table 10). 
 
Table 10. Main blood parameters of seabass fed with experimental diets for 83 days (n = 15). 
       

Feed Control PAP NOPAP PAP- NOPAP+ p Value 

Lactatdehy- 
drogenase (U/L) 

46.44 
± 32.49 

51.84 
± 32.52 

43.88 
± 33.51 

57.58 
± 28.53 

41.76 
± 27.43 0.226 

Glucose 
(mmol/L) 

91.36 
± 26.60 

95.72 
± 24.06 

87.67 
± 17.69 

85.96 
± 23.29 

94.24 
± 29.36 0.384 

Total 
protein (g/L) 

41.68 
± 4.08 a 

40.07 
± 4.13 ac 

40.07 
± 3.36 ac 

38.68 
± 3.59 bc 

36.76 
± 3.44 b 

0.001 

Lysozyme 
(U/mL) 

290.33 
± 34.46 

270.67 
± 49.53 

275.96 
± 44.33 

276.17 
± 77.07 

294.77 
± 70.16 0.169 

Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 
The fatty acids palmitinacid, linoleicacid, linolenic acid, and DHA showed no significant differences 
between the fish fed different diets. However, oleic acid was significantly lower in the fish fed the PAP 
diet compared to the control and PAP- fed fish (p value: 0.016) (Table 11). 
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Table 11. Main fatty acids of seabass fed with five experimental diets for 83 days (n = 15). 
 

Feed/Fatty Acid 
  (mg/g)  

Control PAP NOPAP PAP- p Value 

Palmitinacid (16:0) 27.73 ± 13.67 25.29 ± 20.65 29.22 ± 24.86 27.90 ± 11.8 0.950 

Oleic acid (18:1n–9) 46.86 ± 28.64 a 22.84 ± 10.17 bc 
36.47 ± 28.64 
ac 

48.01 ± 
18.36 a 

0.016 

Linoleicacid (18:2) 19.30 ± 10.69 16.79 ± 14.92 18.89 ± 11.48 19.80 ± 8.46 0.899 
Linolenic acid(18:3) 4.97 ± 3.69 4.36 ± 4.54 5.53 ± 3.84 5.41 ± 2.84 0.830 
EPA (20:5) 7.12 ± 2.55 5.53 ± 1.98 6.25 ± 2.19 5.51 ± 1.43 0.123 
DHA (22:6) 8.72 ± 3.46 8.53 ± 2.08 10.07 ± 3.31 8.26 ± 1.76 0.306 
Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 
 
Sensory Analysis 
A significant difference (p value: 0.001) could be seen in fillet weight between the fish fed the NOPAP+ 

diet compared to the control and all other alternative diets at the end of the trial (Table 12). Sensory 
analysis showed no significant differences in any of the tested parameters: consistency frozen fat 
separation, protein, juice separation, or taste (one-way ANOVA on ranks; Tukey test). 
 
Table 12. Fillet yield (%) of seabass fed with five experimental diets for 83 days (n = 15). 
 

        

 Feed Control PAP NOPAP PAP- NOPAP+ p Value 

 Filet weight (%) 37.89 ± 2.18 
b 

39.24 ± 2.87 
b 

37.60 ± 2.51 
b 

39.03 ± 2.02 
b 

41.20 ± 2.15 
a 0.001 

Values are expressed as means ± SD, values with different letters within the same line are significantly different (p < 0.05), p values 
from one-way ANOVA. Control: commercial formulation, PAP: processed animal-protein-rich diet, NOPAP: insect-, fermentation-
, and plant-based protein-rich diet. PAP-: more plant-based materials (used as negative control); NOPAP+: similar to NOPAP but 
enriched with high-quality fishmeal and krill meal (used as positive control). 
 
 
Discussion 
The present study examined whether the replacement of fishmeal (FM), fish oil (FO), and soy products 
in feed efficiency by alternative ingredients affect the performance of European seabass 
(Dicentrarchus labrax). Different formulation concepts were tested including ingredients, such as 
processed land-animal proteins, vegetable protein concentrates, insect meal, fermentation products, 
macroalgae, fish protein hydrolysates from aquaculture by-products, salmon oil, and algae oil. The 
literature shows that seabass is known to have good acceptability of plant and animal-derived protein 
replacements at moderate levels [17,30,33,34]. The present study attempts to test whole feed alternative 
formulation concepts, with the replacement of more than one ingredient at a time. In the following, the 
different performance aspects are considered to better interpret the general health and growth 
parameters, first from a physiological point of view and later from the perspective of the consumer 
and/or farmer. The distinction between aquaculture candidate and farmer is critical here, as the farmer 
has to consider the best aspects for the welfare of the fish as well, while, on the other side, being 
economically feasible. For the consumer, it is the sensory analysis, as well as food safety in terms of 
toxic elements and healthy fatty acids. 
 
Growth and Feed Performance 
The present study examined the effect on growth and feed performances, and no significant 
differences were found in total feed intake, FCR, CF, or final body weight for all different diets. In 
contrast, the relative growth rate was significantly higher in the control fed fish (0.52%/day) than in all 
other diets (0.45–0.48%/day). The same could be seen for the weight gain, which was significantly 
higher in the control and PAP fed fish compared to the other diets. The significant weight gain but 
insignificant final weights can be explained by the high variability in the initial weights. Health indicators,  
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such as viscerosomatic index (VSI) (7–13%) and hepatosomatic index (HSI) (1.5–2.3%), are 
congruent with the recent literature [19]. The HSI (1.4–1.6%) showed no significant differences 
between the different treatments, indicating good health performance for all feeding concepts. The VSI, 
on the other hand, shows significantly lower values for the PAP fed fish (8.3 ± 1.18) compared to all other 
feed concepts (8.54–9.73). This result was expected as it is already described in the literature that more 
plant-based diets can lower health performances in carnivorous fish [13,15,16,17]. Comparing the 
different feed concepts and growth parameters, we see that the control and PAP fed fish had the best 
performance, closely followed by the NOPAP+ and NOPAP fed fish, and PAP fed fish with the lowest 
performance. Overall, these results indicate that the control diet can be exchanged for one of the more 
sustainable alternative diets (PAP or NOPAP) with no adverse effect on growth. This is in line with other 
studies investigating European seabass using less radical alternative formulations [19,30,35]. 
 
Whole-Body Composition 
The whole-body composition did not show significant differences in moisture and ash between the 
control and alternative diets and is congruent with the recent literature [19,23,33]. Crude fat (here: 
15.45– 16.47 mg/kg) is well within the normal range for European seabass (7– 21 mg/kg) and does not 
significantly differ between the different feed concepts [19,28,33,42]. Crude protein is significantly higher 
between the NOPAP fed fish (18.57 mg/kg) and the other feed concepts (17.75–18.03 mg/kg) but still 
well within the range of the literature (15–22 mg/kg) [19,28]. 
The protein efficiency ratio (PER) range of 1.35–1.56 is well within the range described by the literature 
and shows a good ratio within all experimental and control fed fish [36]. Higher lipid levels in the diet are 
already known to improve feed efficiency and PER [36]. Fish that obtained the highest PER in this 
study were fed the commercial and NOPAP diet, with lipid levels of 22.2% and 21.8%. The literature 
shows a decrease in PER in seabass with increasing dietary protein beyond the optimum level [36-38]. 
This can be observed in the PER of the PAP and NOPAP+ fed fish, which had crude fat levels of 39% 
and 41%. These findings are congruent with the literature that shows no body compositional decrease 
by plant- [34] and terrestrial-animal- derived protein replacements of up to 30% [19,28,39]. The 
conversion factor used in this study was an estimate for all diets. In an experimental design, such as the 
one described here, with feed concepts rather than individual ingredients, the exact conversion factor 
calculation is complex and not feasible for the farmers. That is why we determined the factor 
nutritionally, which gives a good overview of the respective concepts. Therefore, it was concluded that 
the applied alternative feed concepts do not negatively affect the biochemical composition of seabass. 
 
Mineral Analysis 
No significant differences in mineral concentrations were found between control and replacement feed 
concepts, which is congruent with the literature replacing fishmeal up to 33% [18,40,41]. Furthermore, low 
values of feed-derived toxic elements, such as arsenic, were found in all fish, independent of the feed 
concept. Arsenic is known to impair growth, especially in children, and the lower the value, the less 
toxicity can be assumed, leading to safer end products [22,30]. Since wild fish contain higher amounts 
of arsenic (1.030–1.230 mg/kg), fish fed with the experimental diets are safer for human consumption, 
an important positive aspect in cultured fish [42]. Interestingly, a significant decrease in arsenic in the PAP 
fed fish can be seen, which could be interpreted as a better option for human health than the control diet 
fed fish. This study indicated that iron and zinc (in the ranges of 23–30 and 34–37 mg/kg, respectively) 
were the main micro-mineral components, similar to that observed in other studies in cultured seabass 
[4]. Zinc is known to have significant healing, antioxidant, and immunostimulating properties in 
carnivorous fish, and a high availability, such as in the fish of this study, is wanted to ensure high health 
standards [43]. In general, copper, iron, and zinc are known to be nutritionally vital metals and can have 
positive effects on human health [18]. 
Plant-based feed ingredients are known to bind minerals and, thus, reduce the availability of phosphorus, 
iron, and zinc in fish [44]. In this study, no negative correlation between the alterative and more 
sustainable feed concepts (PAP and NOPAP) could be seen. However, it is known that calcium, 
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phosphorus, and manganese are mainly accumulated in fish bones, heads, and gills, meaning a higher 
% of fishmeal leads to elevated levels of the listed minerals [18]. This study showed that the replacement 
of FM with aquaculture by-products in the presented feed concepts does not negatively affect the 
amount of the above minerals and is, thus, a good and more sustainable alternative than the 
commercial FM. In general, it can be said that the ingredients in feed can have two opposing effects: (1) 
supplying minerals and (2) supplying substances that reduce the absorption of minerals [45]. Therefore, 
the availability of nutrients can be explained as the total of these two effects. When the latter effect is 
larger, the availability is somewhere below 0%, resulting in negative values like in sodium and 
magnesium. Our study showed that higher proportions of bone materials, such as in the PAP- diet, lead 
to reduced availability of the total amounts of minerals [45]. Since the mineral concentrations in the 
whole body are similar in the fish from all diet concepts, it can be concluded that the mineral and trace 
element demand was sufficiently covered and that elevated excretion rates balanced the elevated 
mineral concentration in the experimental diets. Therefore, fish are a good source of essential 
minerals, and this study showed that the alternative diets tested here do not negatively affect the mineral 
composition and can replace up to 17% of FM [41]. 
 
Welfare Parameters 
Among others, plasma metabolites, such as glucose and total protein, are considered as essential 
and sensitive indicators for the physiological changes due to stress and diseases [46]. In this study, 
plasma glucose (41.7–57.6 mmol/L), LDH (41.76–57.58 U/L), and lysozyme levels (270–294 U/mL) 
were not affected by alternative diet fed fish, congruent with the literature where up to 15% of plant 
material was replaced without adverse effect [17,23,24,33]. In contrast to that, a decrease in total protein 
content can be seen between control (41.68 g/L) and  PAP-  (38.68 g/L)/NOPAP+  (36.76 g/L) fed fish. 
These  values are congruent with the literature and may imply that seabass is either even more tolerant 
of substandard feed mixtures, especially PAP-, or that the NOPAP+ mixture performed below 
expectations and targets in terms of, e.g., bioavailability of nutrients [47]. The total protein content in 
the plasma can be seen as a health indicator, as an elevated level would indicate a poor immune 
system. The low values in the PAP- diet were expected and can be overlapped with the low VSI, another 
indicator for poor health. The welfare status is a very complex system, and many factors need to be 
considered to understand the picture entirely. For the NOPAP+ diet, we can see a lower value on protein 
content in the plasma, but none of the other measured parameters indicate poor welfare. This concludes 
that welfare is not necessarily negatively affected in NOPAP+ fed fish. The lower values in the total 
protein in the plasma are more likely explained by the fact that too much protein content in the feed 
leads to less protein efficiency, as can be proven by the low PER in NOPAP+ fed fish. The sustainable 
alternative diets, PAP and NOPAP, induced no significant differences in the blood parameters and 
can, thus, be considered to provide a similar welfare status of the fish when exchanged for the less 
sustainable control diet. 
When looking at the welfare status of fish, it is crucial to take highly unsaturated fatty acids (HUFAs) into 
account, which are mainly responsible for the metabolism of fish and generate growth and immune 
function [28,48]. Furthermore, especially in farmed animals, higher stress is given due to handling, 
densities, and transportation, which make the health status of fish even more essential, and amino acid 
need to be considered a critical welfare category. Values for all fatty acids were within the range of 
European seabass and showed no significant differences for any fatty acids, except the oleic acid, 
compared to the control fed fish vs. alternative diet fed fish [18,49]. Palmitic acid between 12 and 29 mg/g, 
oleic acid between 31 and 44 mg/g, linoleic acid between 7 and 35 mg/g, linolenic acid between 1 and 5 
mg/g, EPA between 1.5 and 7 mg/g, and DHA between 4 and 13 mg/g were well within the range of 
the literature and do not indicate poor welfare status [18,49]. The most important fatty acids for human 
consumption are linolenic acid, EPA, and DHA, which are well-researched and function in important 
metabolic processes for human health and are well-expressed in fish from this study, supporting fact for 
safe and eco-friendly seafood [18,49,50]. In today’s society, healthy food is critical, as more and more 
contaminants (whether vegetables or meat) are found, and consumers are confused in their purchasing 
decisions. Overall, the welfare parameters are not negatively affected when the control diet is replaced 
by one of the more sustainable feed concepts with processed animal (PAP) or plant proteins (NOPAP). 
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The exchange of commercial FM with more sustainable, recycled fish hydrolysates from aquaculture 
by- products additionally does not show any negative effect on the fish welfare. This supports the 
hypothesis that the alternative feed concepts presented here can replace the less sustainable 
commercial feeds. 
 
Sensory Analysis 
In the fish fed NOPAP+, the fillet yield was higher, with a mean value of 41.2%, probably because 
NOPAP+  was enriched with Super Prime fishmeal and krill meal, which are known to produce 
better growth characteristics [34]. Interestingly, the alternative diets, PAP (39%)  and  NOPAP  
(38%),  indicate  no  significant  differences  to  the control-diet-fed   fish   (38%),   resulting   in   the   
conclusion   that   the alternative formulation concepts do not negatively affect the fillet yield. 
Sensory attributes are the most crucial factor for consumers, and the results of this study indicate that 
the control diet can be replaced by more sustainable alternatives (PAP and NOPAP) without affecting 
sensory attributes. According to the literature, softness, juice separation, taste, and smell are the most 
relevant attributes for consumers [51]. In this study, those attributes were not affected by alternative-diet-
fed fish, in accordance with the recent literature for seabass (D. labrax) [50,52], greater amberjack 
(Seriola dumerili) [40], and gilthead seabream (Sparus aurata) [53]. The health benefits of fish from 
recirculation systems are apparent. This study shows that the values for fatty acids and the low toxic 
elements could encourage consumers to buy more fish. In addition, this health advantage of fish 
products does not fall in favor of a negative correlation between taste or consistency. This can be seen as 
a success for the effort to develop alternative and more sustainable feed concepts without losing sensory 
attributes. From an ecological point of view, the introduction of sustainable feeds is essential, but the 
economic difference between feeds should also be considered. 
The most crucial factor in selecting new feed is to calculate the costs right from the beginning to the farm. 
This study tested four different feed concepts that could potentially replace the commercial feed for 
seabass. However, the raw materials used here were selected on an experimental basis, making 
estimating costs impossible due to excessive imprecision. By-products from the circular economy and 
artificially enriched algae were utilized for the sustainable ingredients in our diets. These are currently 
only used on a scientific basis and not commercially so that no realistic cost assumptions can be 
calculated. For the future, it would, therefore, be essential to make the by-products (such as fish 
hydrolysates from aquacultures) as well as enriched algae for fish feed available for commercial use. 
 
Conclusions 
This study shows that alternative diets using emerging and novel plant and animal-derived protein 
sources (both terrestrial and aquaculture by-products) have comparable performance to current 
commercial seabass feeds while being more sustainable. The fish welfare and sensory quality, which 
seem to be the strongest drivers for consumer appreciation, were not negatively affected by more 
sustainable feed concepts in which FM, FO, and soy products were replaced by several alternative 
ingredients (NOPAP and PAP). Furthermore, the PAP and NOPAP diets additionally had these 
traditional ingredients replaced by agro-industry, fisheries, and aquaculture by-products, to get into the 
direction of circular economies. The usage of aquaculture by-products in comparison to commercial FM 
has far less transportation distances (as it is usually reused at the same site) and additionally recycles 
the resources at hand, which make the overall production more eco-friendly. Therefore, this study 
provides evidence that alternative diets can successfully replace commercial diets for European seabass. 
The transfer to more sustainable diets would positively affect the consumers’ attitude towards farmed 
fish (better sustainability with the same welfare and sensory status) and the fish farmers’ potential for 
further sustainable and circular-economy-driven industrial growth. The recommendation for future feed 
formulations for farmed European seabass would be to replace the FM completely with hydrolysates, 
exchange the SBM with more sustainable plants, such as wheat and enriched algae, and add 
agriculture by-products, such as feather meal, etc., for a better mineral composition and digestibility. 
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Abstract 
 
Aquaculture is an ever-growing food sector and offers the greatest potential for 

providing the world with sustainable protein sources. Animal welfare in aquaculture 

is therefore becoming increasingly important, and detailed knowledge of individual 

species is essential for further optimization. Every organism is controlled by an 

internal clock, the circadian rhythm, which is crucial for metabolic processes. The 

circadian rhythm is particularly influenced by abiotic factors such as light and 

temperature, which are usually manipulated in aquaculture operations to increase 

productivity. Therefore, understanding the circadian rhythm of aquaculture fish is 

critical to maximize productivity and optimizing growth and welfare. Choosing the right 

feeding time according to the natural metabolism of the animal is important for both 

physiological and economic reasons. Turbot is a highly valuable fish and high-priced 

species which is typically farmed in RAS. This study is the first to investigate the 

circadian rhythm of adult turbot in plasma. Blood samples were collected over a 24-

hour period and plasma metabolite profiles were analyzed by 1H-NMR spectroscopy. 

As a result, 46 metabolites were identified in the blood, eight of which appeared to 

shift throughout the day. We noted increased values around 3 pm for many 

metabolites measured, which were especially high in for isoleucine, leucine, valine, 

phenylalanine, lysine, and lactate. These metabolic peaks could be interpreted as 

either habituation to the usual feeding time or as natural peak levels in turbot in a 24-

hour circle. This study provides some initial insight into the daily variation of 

metabolites in adult turbot, and future studies will need to support our trend that 

shows increased values in amino acids and sugars at 3 pm. Previous studies did 

already show a correlation between immune function, stress and feeding ratio, which 

needs to be elevated for turbot to optimize their farming practices. Implementing 

optimized feeding times (like at times with high sugars and low in stress metabolites) 

could thus lead to less stress in the animal, leading to better health and welfare. 

These optimizations could additionally lead to lower feed conversion ratio, giving the 

farm a higher profitability and sustainability without extra costs for the farmer. 
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Introduction 
 
Fish is widely considered an important source of healthy food, and accurate 

information on best farming practices is required to optimize cultivation and ensure 

sustainable production (Ahmad et al., 2021; Bennett et al., 2021; Farmery et al., 2022; 

FAO, 2022). Moreover, since fish are rich in proteins, micronutrients (such as vitamins 

and minerals), lipids, and omega-3 unsaturated fatty acids, they contribute to fighting 

hunger and malnutrition in the world (Golden et al., 2021; Mohanty et al., 2019). 

Unfortunately, animal welfare concerns often negatively influence consumer 

perceptions (Ankamah- Yeboah et al., 2019; Funk et al., 2021, Maesano et al., 2020). 

Enhancing fish welfare is, therefore, essential to improve eco-intensification and 

increase the appeal of aquaculture products to consumers (Brijs et al., 2018). 

The concept of animal welfare is a multilevel approach due to species dependency, 

high individual variability, and interrelated complex metabolic processes (Ashley, 

2007; Carbonara et al., 2020; Martos-Sitcha et al., 2020; Toni et al., 2019; Zheng et 

al., 2021). There is not one single measure of welfare but serval and the most 

recognized ones are indicators such as immune response, stress level, and feeding 

behaviour (Ashley, 2007; Toni et al., 2019; Tort, 2011). All organisms, including 

teleost fish, have a circadian rhythm (CR) that controls these indicators and changes 

periodically depending on external factors such as light, temperature, or feeding 

times (Choi et al., 2020; Fortes- Silva et al., 2019; Frøland Steindal et al., 2019; 

Nikkhah, 2015; Sanchez-Vazquez et al., 2019). It consists of multiple molecular 

processes as well as several clock genes such as per, clock, bmal, and others (Pilorz 

et al., 2018; Sanchez- Vazquez et al., 2019). These clock genes synchronize all 

metabolic functions according to the environmental conditions to increase fitness 

(Prokkola et a., 2018). The CR is thus, responsible for numerous cellular processes, 

including stress and immune responses as well as appetite (Ceinos et al., 2019; 

Nikkhah, A., 2015; Pilorz et al., 2018; Prokkola et al., 2018: Zheng et al., 2021). 

Previous studies have shown that reduced feed intake in fish is a distinct behavioural 

response to stress and affects not only growth but also their welfare and body 

composition, and thus yield and profitability for the farm (Assan et al., 2021; Dawood 

et al., 2020; Lopez-Olmeda et al., 2009; Yang et al., 2018). The CR is especially 

important for intensive aquaculture farms, which manipulate abiotic factors to 
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increase their efficiency (Choi et al., 2020). Therefore, an optimized feeding regime 

improves feed conversion without extra costs for the farmer, resulting in higher 

profitability. Moreover, avoiding feed waste through proper feeding minimizes the loss 

of expensive feed and the accumulation of nitrogenous waste in the water, which 

could be toxic to the fish (Assan et al., 2021). 

In intensive fish farms, fish are exposed to many different stressors, such as high 

stocking densities, handling, transportation, or restricted and unfamiliar environments 

(Assan et al., 2021; Long et al., 2019; Martos-Sitcha et al., 2020). Recent studies 

have shown that handling fish at different times of the day can result in likely lower 

stress reactions (Figueiredo et al., 2020; Lopes et al., 2022; Montero et al., 2019). 

Stress is generally defined as a disruption of physiological or biological mechanisms 

caused by internal and external factors commonly referred to as stressors (Barton, 

2002; Hernández-Pérez et al., 2019; Ramsay et al., 2009; Wendelaar Bonga, 1997). 

Many indicators of stress exist, but cortisol is one of the best established and most 

frequently used in circadian rhythm studies (Cowan et al., 2017; Prokkola et al., 2018; 

Tort, 2011; Valencia et al., 2022). However, these stressors are experienced very 

individually by each species, and extrapolation from one species to another is highly 

speculative, making it necessary to study each species separately (Hernández-Pérez 

et al., 2019; Lopes et al., 2022; Pilorz et al., 2018; Zheng et al., 2021). In most 

commercial fish farms, however, animals are fed according to fixed feeding schedules 

instead of adapting to the animals' metabolism in a species-specific manner (Callier 

et al., 2017; Pratiwy et al., 202). In addition to cortisol as a stress marker, glucose is 

of critical importance in aquaculture systems as it affects nutrient availability and 

oxygen consumption of animals (Prokkola et al., 2018). Moreover, glucose, along with 

other sugars, is the main energy supplier of organisms as it is converted to adenosine 

triphosphate (ATP) during gluconeogenesis (Cowan et al., 2017). This is important 

because the availability of energy in the organism helps the animal to better cope 

with stressful situations (Valenzuela et al., 2022). 

Previous studies have shown a close relationship between immunological and stress 

responses and thus the circadian rhythm in fish (Montero et al., 2019; Schleiermann 

et al., 2013; Valenzuela et al., 2022). Stress suppresses immune responses when 

fish are exposed to stressors such as feed intake, handling, or care/transport 

practices, and consequently increases the risk of disease outbreaks (Hernández-

Pérez et al., 2019; Sakai et al., 2021; Skouras et al., 2003; Song et al., 2021). A 
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good immune parameter is lysozyme. Levels in the blood are directly coupled to liver 

concentration (the most important lysozyme-producing organ) and show decreased 

levels during periods of high stress (Valenzuela et al., 2022). This has particular 

implications for fish health, and a better understanding could reduce the risk of 

disease outbreaks in aquaculture operations. 

In general, these periodic shifts in metabolism affect hormone production and 

consequently stress levels, energy availability, food intake and utilization (Cowan et 

al., 2017). Therefore, it is critical to evaluate the processes occurring over 24-hours in 

order to adjust the feed timing (during stressed and non-stressed times of the day) to 

match the metabolism of the fish. Knowledge of the metabolism could help to improve 

the productivity of the farm by optimizing the feeding time of the animals, reducing 

their stress and consequently increasing the welfare and profitability of the farm. 

To better understand the underlying processes in an organism, the use of 

metabolomics can help and allows the qualification of low molecular weight (< 1000 

DA) metabolites (Cappello et al., 2019; Lin et al., 2006). Metabolomics is the study of 

endogenous metabolite profiles in biological samples (Macias et al., 2019; 

Samuelson et al., 2006). In fish, as in all other living organisms, there are many 

different types of molecules, such as lipids, water, proteins, carbohydrates, vitamins, 

amino acids, and other metabolomic compounds involved in metabolic processes 

(Hatzakis E. 2019). Metabolomics reflects changes in the physiological process and 

is therefore a powerful tool that provides information about the overall metabolic state 

of an organism (Samuelson et al., 2006). The presence of specific metabolites can 

help identify underlying processes and thus provide information about the animal's 

welfare, as well as identify times when the animal is exposed to increased levels of 

stress metabolites. 

Nuclear magnetic resonance (NMR) spectroscopy is frequently used in metabolomics 

and is becoming increasingly important for aquatic organisms (Crook & Powers, 

2020; Deborde et al., 2021; Roques et al., 2020; Tavares et al., 2022). Being a 

quantitative analytical tool, it is regarded as a nondestructive method and enables 

high reproducibility, quantitative metabolic profiling, rapid analyses, and cost-

effectiveness (Cappello, 2020; Hatzakis, 2019; Samuelson et al., 2006). NMR 

spectroscopy provides unbiased assessment of metabolite data, making it an ideal 

tool for untargeted analyses, and it can be studied in cells, tissues, organs, plasma, 

or even whole organisms (Cappello, 2020; Crook & Powers, 2020; Lin et al., 2006; 
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Roques et al., 2020; Young & Alfaro, 2016). NMR-based metabolomics in plasma is 

of particular interest as it enables nonlethal as well as repeated sampling for 

continuous monitoring in fish (Tavares et al., 2022). That fact may be important to 

farmers, since it allows monitoring their fish's welfare without having to dispatch them. 

This method can therefore help identify critical metabolic pathways and reveal 

changes in metabolites in turbot during the diurnal and nocturnal cycles. Turbot is a 

valuable marine fish species for aquaculture and has received remarkable attention 

in recent decades (Pyanov et al., 2021). Turbot are usually cultured in RAS facilities, 

and the growth and health of this species are well studied, but the areas of stress 

physiology and CR are still in the early stages of research (Fraga-Corral et al., 2022; 

Hoerterer et al., 2022). This study focuses on the identification of metabolites in the 

blood of turbot kept in a recirculating system. To our knowledge, no previous study 

has investigated the circadian rhythm in turbot to gain insight into its physiological 

processes. Such information is required in order to better understand the metabolism 

and make adjustments to aquaculture practices. Modifying feeding and handling 

times in intensive aquaculture operations to match species-specific circadian rhythms 

could contribute to higher growth and better feed conversion. Consequently, these 

changes could lead to optimized farm profitability and improved animal welfare 

without imposing additional costs on the farm. 

 
 

Material and Methods 
 

Experimental Setup 

A total of 60 turbot (Scophthalmus maximus) kept at the ZAF (Centre for aquaculture 

research) from the Alfred Wegener Institute Helmholtz Centre for Polar and Marine 

Research (AWI) (Bremerhaven, Germany) were used for the experiments. The fish 

were acclimated in a recirculating aquaculture system (RAS) for two weeks before the 

start of the experiment. For acclimation, the fish were randomly and evenly distributed 

among twelve tanks. The average weight of the fishes was 551.94 g ± 102 g. 
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The experimental RAS consisted of 36 individual holding tanks, each given with a 

base area of 1 m² and a volume of 700 l. For the experiment, fifteen of the 36 tanks 

were actively used, twelve for the experiment itself and three other tanks as a reserve 

and for replacement fish. The water was treated with standard RAS purification 

devices such as a drum filter, a biofilter, a protein skimmer (with ozone), and a trickling 

filter. The condition (temperature, pH, salinity, oxygen) of the process water was 

constantly monitored using a SC 1000 Multiparameter Universal Controller (Hach 

Lange GmbH, Düsseldorf, Germany). Nutrient concentration (nitrite, nitrate, 

ammonium) was measured twice a week using the QuAAtro39 AutoAnalyzer (SEAL 

Analytical, Germany). There were no deviations in water values during the entire 

course of the experiment (Table 1). 
 
Table 1: Mean values ± standard deviation of the water parameters ((temperature, pH, salinity, and oxygen: n = 83; ammonium, 
nitrite, and nitrate: n = 42) 

Temperature 
 
(°C) 

pH Salinity Oxygen 
 
(%) 

Ammonium 
 
(mg/L) 

Nitrite 
 
(mg/L) 

Nitrate 
 
(mg/L) 

20.0 ± 0.9 7.62 ± 
0.04 

36.3 ± 0.1 95.2 ± 6.7 0.096 ± 0.055 0.198 ± 
0.11 

127.9 ± 38 

 
Twice a day at 9 a.m. and 3 p.m. over a period of 6 month, the fish were fed with a 

commercial diet ad libitum in order to acclimate to those feeding times (see Hoerterer 

et al., 2022 for detailed information). Twenty-four hours before the start of the 

experiment, all experimental fish were starved (Jia et al., 2018). 
 
Measurement and sampling 

Every two hours during the experiment, a tank was randomly selected and all five fish 

were sampled. To be more precisely, at 7 a.m. the five fish of the first tank were 

netted and sampled, followed by the next tank at 9 a.m. This procedure was repeated 

until all the tanks were used, leading to a twenty-four hours cycle (after Hernández-

Pérez et al., 2019 and Lopes et al., 2022). The fish were netted together and killed 

with a head strike followed by a neck cut. 
 
The sampling procedure run as follows: First, the fish were weighed, measured in 

length, and placed directly on ice for blood collection. Second, blood was collected 

with a heparinized syringe in the caudal vein, and the Eppendorf tubes were directly 
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centrifuged at 2,000 g and 7 °C for 10 minutes. Third, the supernatant (plasma) was 

taken and stored at -20 °C for further analysis. In order to ensure that metabolites 

were not further expressed, the entire process from netting to blood collection was 

kept within 5 minutes for all five fish together. 
 
 2.3. Lysozyme activity 

The lysozyme activity in the plasma was photometrical measured according to the 

protocol of Milla et al., 2010. The phosphate buffer consisted of 0.05 mol/L NaH2PO4 

+ 0.05 mol/L Na2HPO4 and was modified with 85 % H3PO4 to a pH of 6.2 at room 
temperature. 30 mg of Micrococcus luteus (0.6 mg/mL, SIGMA M3770) were mixed 

with 50 mL buffer on a daily basis, while 20 mg lysozyme from egg whites (Lot 

SLCC4285, 40382 Units/mg, Sigma L6876) were mixed with 20 mL of buffer weekly. 

The lysozyme- buffer solution was diluted to get 1,000 U/mL. Therefore, 248 µL 

lysozyme solution was buffered in a 9.752 mL buffer.  

A standard curve was created that ranged from 100 U/mL to 900 U/mL, as well as 2 

blank samples (one with the bacterium and one with the buffer). For the samples, 10 

µL and 5 µL of plasma with 10 µL and 15 µL of buffer were pipetted into the wells to 

obtain a volume of 20 µL per well. Immediately before starting the measurement, M. 

luteus was added with 130 µL to the standard curve and all sample preparations. For 

the measurement, 96 well plates (Brandplate 781660) with clear flat bottom were 

used and measured in a Berthold Tristar LB941. 

The measurement was performed at 450 nm every minute for ten minutes. The plate 

was shaken for five seconds before the first measurement. The standard curve, 

samples, and blanks were measured in triplicate for each measurement. Between 

measurements, the solutions were stored as long as possible in the refrigerator at 4 

°C and the samples in the freezer at -20 °C to stop the expression of further metabolic 

products as much as possible. 
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(Mechanical) analysis of glucose, lactate and cortisol 
 

For glucose, lactate and cortisol the blood samples were divided in half and send to 

our partner in Rostock for further analysis. The other half was analysed in 1H-NMR 

spectroscopy, see 2.5. 

Glucose and Lactate were tested with test strips and cortisol with an ELISA Kit. 
 
 
NMR Analysis 
 

Plasma samples were prepared by methanol extraction prior to NMR analysis 

according to Nagana Gowda & Raftery, 2017. 

600 µL of plasma were mixed with 1200 µL of HPLC methanol and shaken for 30 

seconds. Samples were then incubated at -20 °C for 20 minutes and centrifuged at 

13,000 g at 3°C for 30 minutes. Next, the supernatant was transferred to a new vial 

and dried overnight in a vacuum concentrator (SpeedVac, RVC 2-33 IR, Christ 

GmbH, Germany). The dried samples were mixed with 600 µL of D2O (Sigma, 

Nr.775002) containing TSP standard (TSP; 0.05 wt%; Sigma Aldrich, St. Louis, USA) 

as an internal reference and centrifuged at 13,000 g at 7°C for five minutes. Finally, 

500 µl of the supernatant was transferred to a 5 mm NMR tube. Spectra were 

measured in an ultra- shielded vertical 9.4 T NMR spectrometer (Avance III HD 400 

WB, Bruker-BioSpin GmbH, Germany) using a 5 mm BBx Probe at a proton 

frequency of 400 MHz. All samples were analyzed by one dimensional 1H–NMR 

spectroscopy using a cpmg protocol with water presaturation at 21 °C (cpmg1pr) 

within TOPSPIN 3.2 software (TopSpin 3.5pl, Bruker-BioSpin GmbH, Germany). 

Spectra were processed and analyzed using Chenomix NMR Suite 8.0 software 

(Chenomix nmr suite 8.4 Professional). Before analysis, all spectra were manually 

corrected for phase, shim, and baseline and calibrated to TSP standard. Next, the 

metabolite peaks of the processed ranges were analyzed and assigned to their 

chemical compounds using the Chenomix database and literature as reference 

(Beckonert et al., 2007; Götze et al., 2020; Rebelein et al., 2018). Finally, the 

concentration of the assigned metabolites was determined by the Chenomix software 

based on the concentration of the internal standard (TSP set to 3.3 mM). 
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Statistical analysis 
 
Blood samples from Rostock were analyzed using Sigma Plot (12.5, Systat Software, 

Germany). One-way analysis of variance (ANOVA) was performed to detect 

significant differences between time periods (p.value < 0.05). Results were 

expressed as means with standard deviations in the corresponding concentrations. 

Statistics on metabolite profiles of NMR spectra was performed using the online 

platform MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/, after Xia et al., 2016). 

Metabolites were normalized by cubic root transformation and autoscaling to stabilize 

the variation between metabolites. Then, one-way ANOVA was performed with 

Fisher's LSD post hoc test at an adjusted p. value of 0.05. In addition, a significance 

analysis of metabolites (SAM) was performed with equal group variances and a false 

discovery rate (FDR) of 0.3. Significant differences between groups of altered 

metabolites were plotted using Sigma Plot (12.0, Systat Software, Inc.). 

Unsupervised principal component analysis (PCA) was performed and revealed no 

outliers (not shown). 

 
Results 
 

The fish had a weight of 551.94 g ± 102 g and a length of 30.79 cm ± 2.06 cm. No 

deaths occurred during the experiment (24 hours). 

 
 
(Mechanical) analysis of lysozyme, cortisol, glucose and lactate 
 
The results show no significant differences between glucose, lysozyme, and cortisol 

(Fig. 1 and 2, Annex: Table 2). Lactate levels changed over the 24h sampling time 

and were elevated at 3 am and 9 am (see Fig. 1). However, most lactate levels were 

below the threshold and could not be detected with the test stripes. 

http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/
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Figure 1 Metabolite levels in plasma of Scophthalmus maximus related to the specific time of the day. Data are mean 
concentrations in mmol / L ± SD, n=5 
 
 

Figure 2 Metabolite levels in plasma of Scophthalmus maximus related to the specific time of the day. Data are mean 
concentrations in ng/ mL for cortisol and U/ mL for lysozymes ± SD, n=5 
 
 
 
Metabolic profiling with NMR spectroscopy 
 

46 metabolites could be identified in the 1H-NMR spectra from blood plasma of turbot 

(see table 3 in the Annex). The number of metabolites did not changes between 

samples, but significant sampling-time dependent variations in metabolite 

concentrations could be observed. The One-Way ANOVA (p.value <0.05) and SAM 

(Delta = 0.3) results show significant differences for isoleucine, leucine, valine, 

phenylalanine, lysine, and lactate at 3 pm within a 24 hour period (Figure 3-8). 

The main compounds found were osmolytes and amino acids. Organic osmolytes 

were taurine, betaine, methylamine, and trimethyl-N-oxide (TMAO). Free amino acids 
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identified were alanine, asparagine, aspartate, glutamine, glutamate, glycine, 

homocysteine, isoleucine, L-arginine, leucine, lysine, methionine, ornithine, 

phenylalanine, tryptophan, and valine, as well as amino acid derivatives such as 

pyroglutamate, pipecolate, succinyl acetone, tyrosine, and uracil. Biotin, a vitamin, 

was found in very low concentrations, as was carnithine, which plays an important role 

in the synthesis of fatty acids and the metabolism of energy. Creatine, creatinine and 

creatine phosphate have also been identified, all of which are involved in the 

production of ATP. There were four compounds of the Krebs cycle identified in very 

low concentrations: Citrate, succinate, malate and fumarate. The Krebs cycle is the 

main source of energy for cells, and the compounds can be used as biomarkers for 

anaerobic metabolism. We also found glucose and pyruvate as indicators of glycolysis 

and energy storage. In addition, we identified one membrane-related intermediates, 

choline, and two sugars: maltose, sucrose, as well as the sugar alcohol mannitol. 

Metabolites involved in immune and stress responses found were histamine, lactate, 

O-acetylcholine, and serotonin. The singlet of acetate, involved in appetite in fish, 

was assigned despite an overlap with arginine and lysine. 
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Figure 3 Metabolite levels in plasma of Scophthalmus maximus related to the specific time of the day. Data are mean 
concentrations in mM ± SD, n=5 
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Discussion 
 
Metabolomics based on NMR spectroscopy in the study of body fluids such as 

plasma and serum blood represents an effective approach to elucidate the 

interactions between aquatic organisms and their environment (Samuelson et al., 

2006), discover biomarker profiles (Macias et al., 2019), and gain deep insights into 

mechanisms associated with circadian rhythms in fish (Figueiredo et al. 2020; Lopes 

et al., 2022; Montero et al., 2019). Therefore, we applied untargeted metabolic 

profiling based on NMR spectroscopy to identify metabolic changes in turbot 

Scophthalmus maximus during a 24-hour period. To our knowledge, this is the first 

research looking at turbot in RAS to identify key metabolites over a 24-hour period. 

To better understand this complex issue, metabolites are divided into three 

categories: stress response, immune functions and amino acids. 

 
 
Stress response 
 
Cortisol, glucose, and lactate are well-known and well-established primary and 

secondary stress parameters, and the concentrations determined here are within the 

range of previously published work (Deborde et al., 2021; Foss et al., 2019; 

Hernández- Pérez et al., 2019 Imsland et al., 2008; López-Olmeda et al., 2009; 

Salamanca et al., 2020; van Ham et al., 2003). In the following, the individual 

parameters are discussed in more detail. 

This study shows no significant differences in cortisol concentrations during the 24-h 

period examined, which is consistent with studies of gilthead sea bream (Sparus 

aurata), Senegalese sole (Solea senegalensis) (Costas et al., 2011) and trout 

(Oncorhynchus mykiss) (Hernández-Pérez et al., 2019; Montoya et al., 2010). 

However, somewhat lower levels were found at 7 am and 9 pm, shortly after lights 

were turned on and off, suggesting that overall stress levels appear to be lowest at 

these times. Other studies suggest no significant changes in cortisol levels over a 24-

hour period, but a slight decrease shortly after lights are turned on and off, as in trout 

(Hernández-Pérez et al., 2019) or sea bream (López-Olmeda et al., 2009). As this is 

the first study to investigate cortisol levels in turbot over 24 hours, further studies are 

needed to confirm the results obtained here. Other studies have shown that cortisol 
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levels follow a diurnal pattern and may indicate the time when fish are least stressed 

according to their rhythms (Figueiredo et al., 2020; Hernández-Pérez et al., 2019; 

Lopes et al., 2022; Montoya et al., 2010; Sánchez-Vázquez et al., 2019). 

The glucose values in our study, both with test stripes and with NMR spectroscopy, 

show that turbot have a very stable baseline. This is not surprising, as other studies 

have indicated the same general baseline for glucose with similar values, as in trout, 

Senegalese sole or catfish (Lophiosilurus alexandri) (Costas et al., 2011; Figueiredo 

et al., 2020; Fortes-Silva et al., 2019; Hernández-Pérez et al., 2019; López-Olmeda 

et al., 2009). At 3 pm, a slight increase in glucose, maltose, and sucrose is observed 

in our results, which may indicate that fish have become accustomed to feeding at 

this time. Studies have shown that blood glucose levels of fish increase after their 

usual feeding time (Hernández-Pérez et al., 2019). It is interesting to note that we do 

not observe an increase at 9 am or 11 am, which is when the fish were normally fed 

for the first time of the day. This could possibly be due to the fact that all fish were 

starved for 24 hours before the start of the experiment, i.e., fish at 9 am were less 

starved than fish at 3 pm. Studies have shown that peak hormone and glucose 

activities are related to feeding cycles (Lopes et al., 2022). Thus, the 24-hour fasting 

period to which the animals were subjected in this study may have influenced the 

absence of significant rhythms for cortisol or blood glucose at 9 am. Thus, further 

experiments testing 24-hour fasting for all time points are needed to determine if this 

makes a difference. 

Creatine is a naturally occurring non-protein compound whose primary metabolic role 

is to combine creatine with a phosphoryl group to generate phosphocreatine, which is 

used to regenerate adenosine triphosphate (ATP) (Borchel et al., 2014). This high 

intercorrelation can be well illustrated with our data, showing a direct dependence of 

creatine, creatinine and creatine phosphate. In addition, we detected a peak at 3 pm, 

as was also the case for the various sugars and some amino acids. Creatine 

contributes to the maintenance of energy supply and is therefore especially important 

in stressful situations and digestive phases (McFarlane et al., 2001). Studies have 

shown that creatine supplementation increases endurance in swimming tests in 

rainbow trout, but the effects of creatine supplementation are still underexplored for 

turbot (Borchel et al., 2014; McFarlane et al., 2001). 
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Overall, stress responses in fish are poorly understood and require further attention 

(Figueiredo et al., 2020). Nonetheless, identifying stress variations may be an 

interesting tool to minimize the effects of stressors in an aquaculture farm and thus 

improve fish welfare. Studies in gilthead sea bream and catfish have shown that 

feeding times influence the level of cortisol in relation to diurnal rhythms, further 

increasing the importance of underlying processes in identifying optimal species-

specific feeding times (Fortes-Silva et al., 2019; Montoya et al., 2010). 

 
Immunological response 
 

Several studies suggest a strong link between the immune response and the 

circadian rhythm in fish, which is often influenced by light and feeding times (Costas 

et al., 2011; Montero et al., 2019; Schleiermann, 2013; Tort, 2011). However, in this 

study, no significant differences in the immunological parameters lysozyme, 

histamine, O- acetylcholine, or serotonin were detected within a 24-hour period in 

turbot. Lysozyme levels were within the range of other studies and were slightly higher 

between 1 am and 5 am, indicating the best immune functionality (Costas et al., 

2011). This can be explained by the fact that the turbot were not stressed by light, 

feeding or handling at these times and were in a resting state. 

In addition to assessing stress, lactate also serves as an important carbon source for 

various bacteria (Jääskeläinen et al., 2019). Consequently, high lactate levels in fish 

could increase bacterial infestation, leading to an increased risk of disease. A 

suggestion for future aquaculture operations could be to stop feeding at high lactate 

levels in turbot to prevent the growth of harmful bacteria. In the lactate test strips, a 

significantly higher difference in lactate levels was observed in turbot between 3 am 

and 9 am. However, it is questionable how accurate these values are. The 

concentrations are often below the threshold of the strips and the values could not 

be confirmed with NMR spectroscopy. Because glucose was detected in both the 

strips and NMR, we could interpret that the lactate levels were too low for 

determination with the strips and therefore could not be detected. The trend in NMR 

data of lactate cannot be reproduced with the lactate strips and must therefore be 

interpreted with caution. Further studies need to reproduce this trend, in which we 

found elevated lactate levels in the test strips between 3 am and 9 am, but elevated 
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levels in NMR spectroscopy at 3 pm. Identifying the lowest immunological barriers is 

important to optimize feeding, transport, and handling in RAS and reduce the risk of 

disease outbreaks in aquaculture operations. 

 
 
Amino acids 
 

Amino acids (AA) are in strong correlation with stress and immune parameters and 

can help fish to better cope with stressful situations (Costas et al., 2011). All 

measured AA were within the range of fish and the most important ones will be 

analysed in more detail (Costas et al., 2011). 

Branched-chain amino acids (BCAAs) are essential for regulating protein synthesis 

in skeletal muscle and are critical to fish physiology (Ahmad et al., 2021). BCAAs 

include isoleucine, valine, and leucine. All three BCAAs share the same intestinal 

transport and catabolic enzyme system, resulting in a high correlation. Both deficiency 

and excess of leucine and isoleucine in the diet can lead to reduced growth in many 

fish species and is therefore an important factor to consider when looking at circadian 

rhythms (Ahmad et al., 2021; Ahmed and Khan, 2006; Deng et al., 2014; Yamamoto 

et al., 2004). Optimization of BCAAs in fish diets is therefore critical for maximizing 

fish growth and health, and further studies are needed to investigate the BCAA 

requirements of turbot. In this study, a significant difference was found in BCAA 

concentrations, which first increase during the day (from 7 am to 7 pm, when it is 

light), then decrease again and shows the highest level at 3 pm. These results are 

supported by other studies who showed that light significantly affects the BCAA 

concentrations (Wu et al. (2021). Implementations for the increased concentrations 

at 3 pm could be to feed the animals during this period to optimize growth and 

digestion. 

Besides the three BCAAs and lactate, were also phylalanine and lysine significantly 

increased at 3 pm. Phenylalanine is a glycogenic essential amino acid (EAA) and is 

responsible for many metabolic functions such as feed conversion, antioxidant 

capacity, or protein storage capacity (Xiao et al., 2020). Most aquaculture feeds 

include alternative protein sources to fishmeal and fishoil. Often are plant derived 

proteins introduced into feed formulations but do not meet the essential amino acid 

requirements for fish (Petereit et al., 2022; Xiao et al., 2020). A recent study by 

Salamanca et al. (2020) provided information that adding tyrosine, the precursor of 
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phenylalanine, and phenylalanine to the diet leads to less stressed fish under typical 

stress conditions in an aquaculture facility. Our data shows peaks of both metabolites 

at 3 pm, which further studies need to confirm. Using this information and comparing 

it to the natural occurrence of phenylalanine in animals may improve fish welfare as 

well as feed utilization under standard aquaculture practices without adding 

expensive additives to the feed (Xiao et al., 2020. 

Lysine is an another EAA and is usually the limiting factor in plant-based fish feed 

ingredients (Ebeneezar et al., 2019). Deficiency of lysine in the diet impairs the 

immunity of animals and increases their susceptibility to infectious diseases (Liao et 

al., 2015). In our study, as with many other essential AAs, a peak was detected at 3 

pm, suggesting that this is a good time for feeding or handling. The natural occurrence 

of essential amino acids at 3 pm could promote feed conversion and thus fish growth 

and profitability. Stress conditions overall favour the mobilization of AA towards the 

fish brain and supplementations of AA could be used as energy substrates to better 

cope with stress (Costas et al., 2011; Salamanca et al., 2020). This study provides 

peak metabolic values for all investigated AA, which could be interpreted as the best 

time for handling and transportation. 

 
 

Conclusion 
 

Changing circadian rhythm in aquaculture farms is a growing concern that impacts 

health, food safety, and farm profitability. In our comprehensive study, we are creating 

and analysing the first dataset of its kind to better understand the circadian rhythm of 

turbot. The data collected can help optimize rearing protocols and improve the 

welfare of turbot on fish farms. 

This study showed some differences and trends in the circadian rhythm in the 

metabolites of turbot kept in RAS, analysed with NMR spectroscopy. As a result, 46 

metabolites were identified, eight of which appeared to shift throughout the day. We 

noted an increase of metabolites around 3 pm, including several sugars, like glucose 

and sucrose as well as multiple amino acids like phenylalanine, leucine, isoleucine, 

valine and lysine. All are known as energy suppliers and using times of high metabolic 

rates could help decrease the affection of stressful situations in fish. We saw 

furthermore no significant changes in the immune response over the day, neither in 
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lysozymes nor cortisol. If future studies confirm our trend at high energy supplying 

metabolites at 3 pm, like glucose, and several amino acids, farm management 

strategies could be optimized to decrease stress in fish and therefore optimize growth 

and health without further expenses. This would not only have a positive impact on 

farm productivity but also lead to significant improvements in economic and animal 

welfare terms. 
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Annex 
 
Table 2: Plasma metabolites n = 5 given as mean values with standard deviation. Grey highlighted numbers represent the 
timepoint with the highest concentration for that metabolite 
 

Time / 
Metabolite 
( mM) 

 
1:00 AM 

 
3:00 AM 

 
5:00 AM 

 
7:00 AM 

 
9:00 AM 

 
11:00 AM 

 
1:00 PM 

 
3:00 PM 

 
5:00 PM 

 
7:00 PM 

 
9:00 PM 

 
11:00 PM 

Glucose 
(mmol/L) 

 
3.00 

 
3.02 

 
2.62 

 
2.86 

 
2.64 

 
2.58 

 
3.30 

 
3.08 

 
2.58 

 
3.10 

 
2.62 

 
2.63 

± SD 0.77 0.61 0.50 0.98 0.50 0.46 0.51 0.81 0.56 0.61 0.57 0.46 

Lactate 
(mmol/L) 

 
bT 

 
1.56 

 
1.50 

 
1.00 

 
bT 

 
bT 

 
bT 

 
bT 

 
bT 

 
0.90 

 
bT 

 
bT 

± SD  0.12 0.20 0.00      0.00   

Lysozyme 
(U/mL) 

 
1983.09 

 
2174.05 

 
1926.73 

 
1748.52 

 
1384.39 

 
1477.27 

 
1438.55 

 
1677.73 

 
1498.27 

 
1625.36 

 
1267.27 

 
1606.08 

± SD 271.46 59.63 174.34 386.78 259.88 378.09 316.82 373.86 407.74 128.75 388.96 526.94 

Cortisol 
(ng/mL) 

 
9.23 

 
9.83 

 
10.50 

 
5.66 

 
9.86 

 
10.17 

 
9.24 

 
9.63 

 
12.48 

 
11.54 

 
6.14 

 
7.74 

± SD 3.45 4.00 5.11 1.09 2.20 3.53 0.97 1.41 5.41 2.15 1.25 3.68 

Legend: bT -> below Threshold 
 
 
 
Table 3 Plasma Metabolites (n=5) in mM given as mean values ± SD at the different timepoints. Grey highlighted numbers 
represent the timepoint with the highest concentration for that metabolite 
 

Time / 

Metabolite 

(mM) 

 
 
1:00 AM 

 
 
3:00 AM 

 
 
5:00 AM 

 
 
7:00 AM 

 
 
9:00 AM 

 
 
11:00 AM 

 
 
1:00 PM 

 
 
3:00 PM 

 
 
5:00 PM 

 
 
7:00 PM 

 
 
9:00 PM 

 
 
11:00 PM 

Acetate 0.408 0.293 0.387 0.438 0.459 0.405 0.400 1.102 0.616 0.491 0.469 0.443 

± SD 0.055 0.043 0.015 0.056 0.073 0.088 0.046 0.744 0.273 0.370 0.091 0.091 

Alanine 0.260 0.154 0.229 0.247 0.261 0.271 0.253 0.479 0.369 0.295 0.473 0.299 

± SD 0.091 0.032 0.065 0.056 0.039 0.059 0.047 0.284 0.202 0.188 0.278 0.089 

Asparagine 0.198 0.115 0.103 0.071 0.194 0.080 0.066 0.130 0.171 0.054 0.060 0.154 

± SD 0.184 0.149 0.115 0.033 0.231 0.032 0.046 0.113 0.121 0.031 0.048 0.193 

Aspartate 0.189 0.038 0.190 0.104 0.114 0.065 0.070 0.526 0.207 0.234 0.098 0.148 

± SD 0.165 0.034 0.141 0.108 0.085 0.055 0.064 0.706 0.117 0.403 0.074 0.200 

Betaine 0.040 0.015 0.022 0.034 0.023 0.027 0.047 0.064 0.036 0.048 0.030 0.044 

± SD 0.024 0.009 0.013 0.014 0.007 0.015 0.014 0.035 0.021 0.039 0.008 0.026 

Biotin 0.050 0.037 0.061 0.072 0.089 0.060 0.083 0.104 0.092 0.074 0.058 0.060 

± SD 0.001 0.020 0.029 0.002 0.029 0.021 0.050 0.080 0.068 0.006 0.013 0.022 

Carnitine 0.002 0.026 0.017 0.004 0.030 0.029 0.026 0.089 0.035 0.004 0.023 0.026 

± SD 0.013 0.013 0.010 0.004 0.006 0.012 0.006 0.070 0.017 0.030 0.016 0.012 

Choline 0.031 0.023 0.024 0.030 0.004 0.026 0.022 0.034 0.003 0.029 0.020 0.035 

± SD 0.011 0.005 0.009 0.011 0.035 0.013 0.008 0.021 0.011 0.013 0.006 0.027 

Citrate 0.059 0.049 0.041 0.066 0.068 0.043 0.043 0.070 0.058 0.044 0.044 0.056 

± SD 0.035 0.044 0.008 0.038 0.040 0.020 0.009 0.047 0.026 0.035 0.024 0.026 

Creatine 0.076 0.055 0.070 0.080 0.086 0.062 0.057 0.281 0.145 0.069 0.069 0.089 

± SD 0.018 0.034 72.100 0.028 0.029 0.026 0.013 0.282 0.071 0.020 0.025 0.041 
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Creatine 

phosphate 
 
0.141 

 
0.084 

 
0.114 

 
0.136 

 
0.147 

 
0.102 

 
0.121 

 
0.461 

 
0.236 

 
0.125 

 
0.105 

 
0.169 

± SD 0.021 0.050 0.030 0.048 0.039 0.026 0.060 0.522 0.139 0.048 0.036 0.125 

Creatinine 0.069 0.052 0.052 0.098 0.082 0.054 0.068 0.130 0.115 0.046 0.051 0.077 

± SD 0.010 0.027 0.011 0.030 0.017 0.026 0.034 0.136 0.075 0.024 0.017 0.051 

Fumarate 0.002 0.001 0.003 0.002 0.002 0.002 0.003 0.004 0.002 0.003 0.002 0.002 

± SD 0.001 0.000 0.002 0.002 0.002 0.000 0.002 0.002 0.001 0.001 0.001 0.001 

Glucose 1.978 1.930 1.599 1.965 1.994 1.951 1.968 3.641 2.920 2.038 1.872 2.050 

± SD 0.534 0.572 0.339 0.501 0.355 0.701 0.940 2.472 1.220 0.877 0.271 0.315 

Glutamate 0.246 0.166 0.222 0.254 0.272 0.234 0.247 0.608 0.310 0.361 0.240 0.247 

± SD 0.032 0.092 0.058 0.061 0.074 0.051 0.078 0.524 0.107 0.244 0.059 0.127 

Glutamine 0.120 0.083 0.133 0.136 0.151 0.087 0.122 0.209 0.145 0.124 0.152 0.111 

± SD 0.037 0.042 0.024 0.019 0.031 0.015 0.050 0.164 0.052 0.102 0.037 0.070 

Glycine 0.223 0.204 0.192 0.249 0.273 0.223 0.216 0.595 0.280 0.264 0.255 0.303 

± SD 0.064 0.051 0.058 0.044 0.122 0.077 0.052 0.466 0.080 0.200 0.120 0.158 

Histamine 0.010 0.008 0.013 0.015 0.012 0.011 0.012 0.018 0.009 0.008 0.007 0.008 

± SD 0.004 0.001 0.007 0.014 0.004 0.003 0.005 0.006 0.001 0.003 0.001 0.001 

Homocysteine 0.084 0.031 0.039 0.086 0.060 0.034 0.046 0.096 0.050 0.058 0.041 0.071 

± SD 0.095 0.019 0.014 0.115 0.069 0.026 0.018 0.117 0.033 0.062 0.021 0.040 

Isoleucine 0.134 0.092 0.129 0.294 0.263 0.196 0.249 0.343 0.292 0.278 0.188 0.204 

± SD 0.048 0.033 0.037 0.090 0.064 0.054 0.044 0.251 0.114 0.152 0.028 0.067 

Lactate 0.241 0.159 0.225 0.265 0.281 0.258 0.241 1.093 0.300 0.372 0.400 0.355 

± SD 0.082 0.045 0.061 0.032 0.034 0.067 0.073 0.849 0.108 0.310 0.329 0.181 

L-Arginine 0.482 0.377 0.451 0.527 0.623 0.491 0.524 0.706 0.595 0.455 0.310 0.521 

± SD 0.131 0.153 0.196 0.118 0.128 0.141 0.103 0.370 0.122 0.098 0.130 0.184 

Leucine 0.537 0.359 0.430 0.783 0.698 0.542 0.685 1.050 0.918 0.860 0.583 0.691 

± SD 0.085 0.114 0.176 0.233 0.112 0.133 0.117 0.532 0.364 0.389 0.090 0.288 

Lysine 0.149 0.078 0.145 0.158 0.192 0.147 0.168 0.516 0.183 0.083 0.155 0.139 

± SD 0.039 0.017 0.034 0.040 0.033 0.039 0.012 0.426 0.013 0.041 0.017 0.056 

Malate 0.111 0.087 0.098 0.108 0.142 0.098 0.103 0.166 0.149 0.094 0.083 0.110 

± SD 0.032 0.050 0.025 0.010 0.044 0.038 0.015 0.091 0.064 0.055 0.031 0.028 

Maltose 0.107 0.120 0.064 0.087 0.163 0.042 0.070 0.227 0.069 0.056 0.067 0.171 

± SD 0.080 0.106 0.020 0.077 0.216 0.013 0.048 0.183 0.019 0.022 0.025 0.236 

Mannitol 0.579 0.442 0.553 0.627 0.667 0.657 0.786 1.830 0.946 0.700 0.841 0.794 

± SD 0.256 0.144 0.169 0.284 0.120 0.144 0.051 1.230 0.521 0.463 0.241 0.185 

Methionine 0.061 0.043 0.082 0.092 0.106 0.076 0.109 0.218 0.135 0.097 0.085 0.114 

± SD 0.024 0.029 0.027 0.033 0.040 0.032 0.037 0.177 0.094 0.092 0.021 0.027 

Methylamine 0.052 0.034 0.049 0.046 0.055 0.032 0.035 0.094 0.058 0.045 0.037 0.051 

± SD 0.029 0.029 0.031 0.021 0.033 0.007 0.012 0.092 0.023 0.055 0.011 0.033 

O-Acetyl 

choline 

 
0.038 

 
0.032 

 
0.027 

 
0.042 

 
0.031 

 
0.029 

 
0.037 

 
0.098 

 
0.039 

 
0.045 

 
0.025 

 
0.036 

± SD 0.009 0.011 0.006 0.008 0.003 0.005 0.027 0.077 0.009 0.024 0.009 0.012 

Ornithine 0.074 0.070 0.069 0.074 0.070 0.060 0.060 0.061 0.069 0.063 0.063 0.068 

± SD 0.005 0.025 0.010 0.008 0.009 0.021 0.026 0.020 0.009 0.016 0.013 0.012 

Phenylalanine 0.065 0.045 0.041 0.148 0.106 0.100 0.151 0.214 0.114 0.101 0.062 0.084 

± SD 0.024 0.025 0.023 0.055 0.048 0.040 0.035 0.183 0.067 0.051 0.020 0.016 

Pipecolate 0.070 0.053 0.103 0.090 0.113 0.142 0.067 0.354 0.125 0.137 0.147 0.078 



Chapter V 

100 

 

 

 
 

± SD 0.011 0.058 0.023 0.023 0.052 0.123 0.023 0.491 0.052 0.159 0.074 0.027 

Pyro 

glutamate 

 
0.086 

 
0.084 

 
0.102 

 
0.142 

 
0.130 

 
0.100 

 
0.145 

 
0.112 

 
0.144 

 
0.142 

 
0.076 

 
0.100 

± SD 0.042 0.077 0.052 0.017 0.016 0.023 0.093 0.036 0.024 0.111 0.031 0.040 

Pyruvate 0.029 0.022 0.028 0.044 0.036 0.035 0.028 0.140 0.043 0.039 0.034 0.039 

± SD 0.009 0.011 0.014 0.013 0.011 0.016 0.009 0.163 0.026 0.018 0.013 0.032 

Serotonin 0.037 0.031 0.037 0.051 0.070 0.049 0.044 0.085 0.046 0.050 0.043 0.034 

± SD 0.012 0.009 0.010 0.010 0.030 0.011 0.006 0.076 0.014 0.012 0.008 0.013 

Succinate 0.017 0.013 0.015 0.028 0.020 0.013 0.016 0.070 0.020 0.016 0.018 0.018 

± SD 0.005 0.007 0.007 0.008 0.007 0.005 0.006 0.073 0.015 0.007 0.008 0.012 

Succinyl 

acetone 

 
0.043 

 
0.024 

 
0.044 

 
0.056 

 
0.048 

 
0.034 

 
0.045 

 
0.037 

 
0.046 

 
0.031 

 
0.044 

 
0.040 

± SD 0.003 0.010 0.009 0.022 0.016 0.015 0.010 0.019 0.005 0.010 0.014 0.008 

Sucrose 0.035 0.016 0.011 0.009 0.069 0.010 0.012 0.060 0.018 0.019 0.012 0.032 

± SD 0.031 0.010 0.003 0.004 0.134 0.005 0.006 0.052 0.009 0.016 0.005 0.037 

Taurine 0.083 0.129 0.091 0.091 0.072 0.077 0.104 0.079 0.060 0.126 0.073 0.101 

± SD 0.020 0.049 0.013 0.046 0.028 0.032 0.052 0.029 0.038 0.070 0.016 0.034 

 
 

Trimethyl 
amine N-oxide 

 
 
0.025 

 
 
0.012 

 
 
0.017 

 
 
0.025 

 
 
0.025 

 
 
0.018 

 
 
0.032 

 
 
0.037 

 
 
0.021 

 
 
0.042 

 
 
0.017 

 
 
0.016 

± SD 0.014 0.006 0.006 0.006 0.010 0.012 0.017 0.030 0.008 0.056 0.005 0.009 

Tryptophan 0.015 0.014 0.023 0.034 0.020 0.017 0.027 0.022 0.015 0.023 0.013 0.018 

± SD 0.004 0.004 0.013 0.027 0.005 0.006 0.016 0.014 0.006 0.010 0.003 0.003 

Tyramine 0.029 0.027 0.035 0.059 0.058 0.026 0.042 0.081 0.045 0.039 0.034 0.044 

± SD 0.012 0.013 0.009 0.020 0.026 0.014 0.022 0.090 0.041 0.020 0.026 0.015 

Tyrosine 0.037 0.045 0.048 0.048 0.045 0.070 0.073 0.088 0.066 0.059 0.036 0.057 

± SD 0.021 0.024 0.037 0.010 0.016 0.025 0.036 0.067 0.029 0.037 0.009 0.007 

Uracil 0.008 0.006 0.008 0.008 0.008 0.010 0.009 0.017 0.009 0.007 0.008 0.007 

± SD 0.002 0.001 0.003 0.004 0.001 0.001 0.001 0.013 0.002 0.000 0.001 0.001 

Valine 0.259 0.171 0.207 0.483 0.428 0.301 0.394 0.808 0.459 0.430 0.295 0.294 

± SD 0.072 0.055 0.050 0.167 0.078 0.084 0.096 0.515 0.157 0.147 0.040 0.103 
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Synoptic discussion and future recommendations 
 
 

The dissertation offers recommendations to improve sustainable aquaculture 

consumption and production in Europe. The focus of my thesis is on analysing general 

consumer perceptions (Chapter III), identifying novel and more sustainable diets for 

European seabass (Dicentrarchus labrax) while ensuring profitability and fish welfare 

(Chapter IV), and identifying a general stress physiological approach aimed at 

determining differences in a 24-hour period for turbot (Scophthalmus maximus) to 

optimise aquaculture practices (Chapter V). 

In order to answer the research questions formulated in 1.6. (Chapter I), the above 

mentioned chapters will be addressed in the following sections: 6.1, (Chapter III); 6.2, 

(Chapter IV); and 6.3, (Chapter V). Section 6.4 elaborates the practical applicability of 

the data and provides implications to the aquaculture sector. Likewise, section 6.5 

addresses the limitations of these studies and provides future recommendations and 6.6 

gives a comprehensive concusion of my work. 

 
 
Consumer perception of seafood products in Europe 
 
 
Sustainable food in general has gained significant importance in recent decades and has 

increasingly appeared on supermarket shelves (Banovic et al., 2019; Risius et al., 2019). 

However, the share of sustainable seafood products, especially fish from aquaculture, 

remains very low due to high production costs and poor consumer perception (Gambelli 

et al., 2019; Maesano et al., 2020). The first objective in Chapter III aims to understand 

the impact of increased scientific knowledge and country-specific differences on 

purchasing behaviour. The hypothesis stated that increased scientific knowledge about 

aquaculture led to increased purchases of sustainable seafood. To this end, the scientific 

expertise of participants from eight international knowledge transfer events (KTEs) was 

analysed using an interactive poster approach. A KTE comprised either a conference, a 

seminar, or a meeting attended by scientists, stakeholders, and aquaculture farmers. 
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The interactive poster approach is a new methodology not widely used in social sciences. 

However, this method seems to have great potential for the future since it can easily be 

combined with semi-structured interviews. Under this approach, participants self-reported 

on an A1 poster their preferences regarding seafood purchase criteria and preferred fish 

species (see Annex 1 and 2). 

The fish species displayed comprised Atlantic salmon (Salmo salar) and gilthead sea 

bream (Sparus aurata) to freshwater rainbow trout (Oncorhynchus mykiss). These three 

species represent the most commonly cultivated fish species in Europe in terms of value 

and production volume (de la Casa-Resino et al., 2021; EUMOFA, 2019; EUMOFA, 2021; 

FAO, 2018; FEAP, 2020). Moreover, these species were the central candidates for 

circular economy approaches in the GAIN project (Hoerterer et al., 2022b; Petereit et al., 

2022b). For the poster survey in Spain, however, trout was exchanged for European 

seabass (Dicentrarchus labrax), as this species is more common in southern Europe and 

also served as a central species for the feed trials in the GAIN project (Llorente et al., 

2020; Muñoz-Lechuga et al., 2018; Petereit et al., 2022b; Rigos et al., 2020). 

Based on an extensive literature review, I identified several criteria with the greatest 

influence in individual purchasing decisions: price, health benefits, certification 

importance, animal welfare, and product processing (Cantillo et al., 2021; Kreˇsi’c et al., 

2020; Menozzi et al., 2020; Pulcini et al., 2020). The posters concentrated on these five 

criteria in order to make the survey as simple and accessible as possible. Vis a’ vis to 

gain initial insight into the differences in terms of the level of scientific knowledge available 

and their respective influence on individual decision making. 

The posters were presented at the various knowledge transfer events in a frequently 

accessed area. Semi-structured interviews were randomly conducted alongside to elicit 

their choices. In total, 383 participants indicated their preferences anonymously on the 

posters. Furthermore, QR codes were offered on the posters, as well as on additional 

flyers, which allowed participants to respond online to the surveys. Online questions were 

identical to those on the posters. 

My work demonstrates that KTE participants appear to prefer poster over online surveys, 

indicating that a direct approach tends to be more successful than passive surveys. 

Moreover, the semi-structured interviews performed in parallel with the posters revealed 
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complementary information that could not be captured by online surveys. Both of these 

aspects highlight that interactive posters hold great potential for the future, particularly for 

similar KTEs. 

The KTEs took place in different countries, with three countries being identified 

individually: Spain, Poland, and Germany. The participants in these three KTE events 

were exclusively from the respective countries. The other five KTEs had international 

participants, and no country could be clearly identified. Semi-structured interviews helped 

to identify individuals at the international conferences and to gain further insight into 

country-specific purchasing behaviour. Semi-structured interviews are a commonly used 

method to obtain a deeper understanding about decision criteria (Bearman, 2019; Dale & 

Kline, 2017). These semi-structured interviews clarified the findings, took place in an 

informal tone, and served to gain more insight into the participants’ decision-making 

(Bearman, 2019; Longhurst, 2004). 

My surveys revealed country-specific differences regarding seafood consumption and 

purchasing criteria. From my results, I found that southern European countries, for 

example, Spain and Portugal, showed more interest in freshly caught local products 

rather than the fish species themselves. In southern European countries, traditional 

fishing practices and personal background may explain this purchasing behaviour 

(Jacobs et al., 2015; Menozzi et al., 2020). People may have been raised buying foods 

at local markets and accustomed to fresh fish from an early age. On the other hand, both 

German and Norwegian consumers favoured salmon and rarely reported buying any 

other type of fish. In fact, my results showed that only 8% of German participants reported 

eating fish species other than salmon, trout, or sea bream. This is confirmed by other 

studies, which have shown that German consumers prefer those species to which they 

are accustomed and that processed foods are more likely to be purchased than fresh, 

whole fish (Koch et al., 2019; Menozzi et al., 2020). Other purchase criteria such as price, 

animal welfare, health characteristics, and certification seemed to be equally important 

for all countries, and no differences were found in my surveys. Altogether, my findings 

revealed strong differences between northern and southern European countries 

regarding the species and type of processing, highlighting the need to adapt marketing 

campaigns at the national level. 
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The posters also revealed that people disassociated with the aquaculture sector had only 

limited knowledge in this field. My work focused exclusively on scientific knowledge; 

therefore, only scientific events were surveyed. My motivation was to specifically examine 

scientific knowledge of aquaculture practices to determine if a lack of education leads to a 

more negative attitude towards seafood. Based upon the results, my work show that the 

general perception of aquaculture increased with increased scientific knowledge. These 

findings corroborate previous studies and indicate that raising consumer awareness and 

education is key to shifting perceptions and, consequently, purchasing behaviours. 

(Almeida et al., 2015; Funk et al., 2021; Lawley et al., 2019; Maesano et al., 2020; Pulcini 

et al., 2020). 

The semi-structured interviews also revealed that the concept of circular economy and 

RAS, as a rearing system, are largely unknown among less well-informed consumer 

groups. However, these management strategies can help promote sustainable production 

and improve consumer perceptions of aquacultured fish (Aubin et al., 2017; Hackenesch 

et al., 2016; Kirchherr et al., 2017). In addition, participants with higher levels of scientific 

aquaculture-specific knowledge were more aware of the positive attributes of aquaculture 

and how these attributes can help promote sustainable consumption. These findings 

confirm the importance of knowledge about purchasing behaviour and reasons why this 

area needs to be addressed to shift consumer perceptions (Gambelli et al., 2019; Jonell 

et al., 2016; Szendrő et al., 2020). 

My work has also demonstrated that the younger generation in particular tends to adopt 

a vegan and vegetarian lifestyle, consistent with recent literature (Saari et al., 2021). 

Besides personal preferences and negative prejudices towards seafood, animal welfare, 

health, and sustainability play a crucial role in the decision for a vegan or vegetarian 

lifestyle (Govaerts, 2021; Menozzi et al., 2020). The misconception of aquaculture 

products may be associated with the reinforcement of a biased media image 

(Wongprawmas et al., 2022). Media in most cases prevail with negative portrayal of 

harmful aquaculture systems, thus ignoring current efforts and achievements towards 

sustainable aquaculture production systems (Zajicek et al., 2021). This was substantiated 

by my semi-structured interviews, where many of the younger participants (aged around 

20–30 years) stated that they had watched TV shows, such as the Netflix 
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documentary “Seaspiracy”, which conveyed a negative image of present-day aquaculture 

and fisheries (Pauly, 2021; Zajicek et al., 2021). 

Product labelling might be a good way to increase consumer awareness of aquaculture 

products and counteract the negative reporting (Richter & Klöckner, 2017; Maesano et 

al., 2020). However, the semi-structured interviews revealed that many consumers are 

overwhelmed by the sheer number of market labels. The finding is consistent with other 

studies that point to both a lack of label transparency and emerging consumer confusion, 

which reduces trust in labelling and thus weakens its effectiveness in promoting more 

sustainable seafood purchasing patterns (Cantillo et al., 2021; Donlan & Luque, 2019; 

Richter & Klöckner, 2017; Risius et al., 2017). 

In the semi-structured interviews, consumers with a higher level of scientific knowledge 

indicated a preference for seafood that comes from a close environment and for which 

the rearing conditions are stated on the product. Labelling systems that indicate both the 

production system (e.g. RAS) and the food origin might be a viable alternative to 

ambiguous labels. A clear indication of this on the packaging could steer consumers’ 

purchasing preferences more towards regionality (Altintzoglou et al., 2011; Risius et al., 

2019). 

The choice towards aquatic farmed animals does not only affect the environment 

(depending on the rearing system) but also the health attributes for consumers. Focusing 

more on explaining why fish from aquaculture are often safer than fishery products could 

help to shift the consumer attitude (Cantillo et al., 2021; Jacobs et al., 2018). Marine wild-

caught fish accumulate biohazards from the sea in the filet and hence are often more toxic 

than species raised in RAS (Banovic et al., 2019; Schlag & Ystgaard, 2013; Thong & 

Solgaard, 2017). Consumers need to be educated about the environmental sustainability 

of their product (e.g. with a life cycle assessment), as well as its nutritional benefits, to gain 

a better understanding and to allow them to make purchase decisions on their own (Boyd 

et al., 2022; Legeza et al., 2019; Menozzi et al., 2020). Today’s society has evolved into 

a multi-layered and diverse entity with different interests, views, knowledge structures, 

perspectives, norms and values (Jacobs et al., 2015). These are also reflected in the 

decision-making when purchasing seafood. Preferences are highly dependent on a range 

of individual, cultural, and contextual factors, which contradict the positive role of scientific 

knowledge in a healthy information society. 
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My findings suggest that an information-based strategy focusing on both the product’s 

origin and its sustainability could be an effective tool to shift consumer awareness and 

associated perceptions. An important note for existing campaigns is to tailor their products 

to the target country. This work and other studies have shown that perceptions and 

preferences are highly country-specific (Menozzi et al., 2020; Pieniak et al., 2008; Risius 

et al., 2019). 

 
 
Sustainable fish feed concepts 
 
 
Intensive aquaculture offers a promising solution to meet global protein demand, achieve 

the SDGs, and address malnutrition and hunger (Balami et al., 2019; Boyd et al., 2022; 

FAO, 2020; Fonseca et al., 2020; Henchion et al., 2017; Komarnytsky et al., 2022). 

However, increasing fish production in aquaculture is associated with high protein content 

in fish feed, usually from unsustainable sources (Gerten et al., 2020; Luthada- Raswiswi 

et al., 2021; Owsianiak et al., 2022; Willer et al., 2022). 

Objective 2, discussed in Chapter IV, focusses on sustainable feed concepts that could 

replace commercial feed for adult European seabass (Dicentrarchus labrax) in RAS. 

European seabass is a carnivorous species mainly reared in intensive aquaculture, 

making this species well-researched and highly suitable for identifying new feed concepts 

(FAO, 2022; FEAP, 2017; Llorente et al., 2020; Rigos et al., 2020; Vandeputte et al., 2019). 

My work investigates whether alternative ingredients, such as hydrolysates from the 

circular economy, plant and animal derived proteins, as well as insects, can replace 

fishmeal and fishoil without compromising the health and growth of individual fish. 

European manufactured and circular-economy-derived products have been used to 

promote blue growth and reduce dependency on other countries and unsustainable 

resources. 

Based on the formulation of commercial seabass diets, four alternative iso-nitrogenous 

feed concepts were designed and tested in a long-term feeding trial. The alternative diets 

replaced commercial fishmeal and fishoil with fish hydrolysates from aquaculture, 

insectmeal, and animal- and plant-derived proteins. The percentage of fishmeal and 

fishoil could be reduced from 23.5% to 5.7%; the complete list of ingredients can be 
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found in Annex 3. The main performance parameters included fish health, growth, 

sensory attributes, and animal welfare characteristics. 

Neither growth, health, nor sensory properties, including taste and odour, altered 

significantly. Furthermore, chemical composition and nutrient analysis revealed no 

significant changes between the alternative diets and the fish-fed the control diet. Blood 

parameters, which are intended to indicate animal welfare, were inconspicuous as well. 

Lysozyme levels as well as glucose and lactate dehydrogenase were within the normal 

range reported for this species and showed no differences, indicating good welfare. 

Besides welfare, the growth parameter is the most important factor for the farmer, 

especially for determining the feed’s efficiency and profitability. The most promising 

variables used for this purpose are the feed conversion ratio (FCR) and protein efficiency 

ratio (PER) (Alam et al., 2009; Besson et al., 2020; Siddik et al., 2021; Omasaki et al., 

2017). Neither PER nor FCR revealed any adverse effects for fish-fed the commercial 

diet compared to fish-fed the diet containing more plant-derived proteins. 

Due to the described factors, finding sustainable protein sources for aquaculture feed is 

critical for shifting and reducing resource pressure. The use of aquaculture by-products 

has many advantages compared to commercial FM. They involve much shorter transport 

distances (as they are usually reused on site) and recycle existing resources, which 

makes production more environmental friendly, overall. These results suggest that plant- 

based ingredients and aquaculture by-products could contribute to more sustainable feed 

design and promote ecological intensification. Accordingly, the best solution for future 

seabass diets would be to replace FM with hydrolysates and SBM, with more sustainable 

crops, such as wheat and enriched algae, as well as adding agricultural by- products, 

such as feather meal for better mineral composition and digestibility. This transfer could 

positively influence consumer attitudes towards more farmed fish, provide greater 

incentive for farmers to adopt more environmental friendly measures, and support 

industrial growth with a focus on circular economy. 
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The circadian rhythm of turbot in RAS 
 
 
Increasing public awareness and the impact of farming practices has led to intensified 

research in fish welfare. Moreover, consumers often state that animal welfare, along with 

price and sustainability, influences their purchasing behaviour the most (Ankamah- 

Yeboah et al., 2019; Funk et al., 2021, Maesano et al., 2020). This hypothesis could be 

further validated by the findings from Chapter III. Increasing fish welfare is hence 

essential to improve eco-intensification and make aquaculture products more appealing 

to consumers. 

Towards the end of my dissertation, I studied the metabolic processes over 24 hours of 

turbot (Scophthalmus maximus) culture in RAS (Chapter V). This species is well-studied 

in terms of its growth parameters. However, information on its stress physiology remains 

scarce. To the best of my knowledge, this has been the first study that examined the CR 

of farmed turbot. Research objective 3 aimed to identify metabolites with NMR 

spectroscopy that changed over a 24-hour period. Such information could help optimise 

aquaculture practices and consequently increase productivity through better welfare. 

A total of 46 metabolites in the plasma was detected and qualified by NMR spectroscopy. 

My results indicate that many of the metabolites peak at 3 p.m., which may be interpreted 

either as habituation to the usual feeding regime or natural metabolic peaks. The animals 

were habituated to feeding times at 9 a.m. and 3 p.m., six months prior to the experiment. 

However, the fact that there is only one peak at 3 p.m. and no evidence at 9 a.m. suggests 

a natural metabolic peak. Natural metabolic peaks are determined by the metabolism of 

the animal as well as through clock genes and are highly species-specific, as well as vary 

over a 24-hour period (Richards & Gumz, 2013; Cowan et al., 2017; Sánchez-Vázquez et 

al., 2019). My findings indicate higher metabolic levels of isoleucine, lactate, leucine, 

lysine, phenylalanine and valine at 3 p.m. in particular. A closer look at these metabolites 

reveals that isoleucine, leucine, and valine make up the group of branched-chain amino 

acids (BCAAs) and are essential for modulating protein synthesis and exhibiting light 

sensitivity (Ahmand et al., 2021; Wu et al., 2021). Proteins are the most important 

component of fish diets because they promote growth, health, energy, and well-being, 

making BCAAs special metabolites for intensive fish production (Andersen et al., 2016; 

Kawanago et al., 2015). Moreover, my results confirm the light 
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sensitivity of BCAAs, as their content in turbot increases during the day and decreases 

with nightfall (Wu et al., 2021). Optimisation of feeding times to the metabolic needs of 

fish can stimulate feed intake and utilisation (Assan et al., 2021). Moreover, avoiding feed 

waste through proper feeding minimizes the loss of expensive feed and the accumulation 

of nitrogenous waste in the water, which could be toxic to the fish (Assan et al., 2021). As 

a result, this coud contribute to reducing the amount of protein required in the diets and 

support the profitability of the farm. 

Amino acids (AA) are furthermore in strong correlation with stress and immune 

parameters and could help fish to better cope with stressful situations inside the farm 

(Costas et al., 2011). My findings revealed increased values in many diverse AA at 3 pm, 

which could be interpreted as the best time for handling and transportation. Previos 

studies concluded that stress conditions overall favour the mobilization of AA towards the 

fish brain and supplementations of AA could be used as energy substrates to better cope 

with stress (Costas et al., 2011; Salamanca et al., 2020). 

Cortisol, glucose, and lactate are well-known and well-established primary and secondary 

stress parameters, and the concentrations determined here are within the range of 

previously published work (Deborde et al., 2021; Foss et al., 2019; Hernández- Pérez et 

al., 2019 Imsland et al., 2008; López-Olmeda et al., 2009; Salamanca et al., 2020; van 

Ham et al., 2003). Glucose and cortisol did not show significant differences during the 24-

h period, which is consistent with recent literature, which showed a stable baseline for 

both metabolites in trout, catfish and senegalese sole (Costas et al., 2011; Figueiredo et 

al., 2020; Fortes-Silva et al., 2019; Hernández-Pérez et al., 2019; Montoya et al., 2010). 

Immune parameters like lysozyme, histamine, O-acetylcholine and serotonin showed a 

similar picture and did not vary significantly over a 24 h period in turbot. 

If future studies confirm my findings of high metabolic rates in sugar and amino acids at 

3 p.m., management strategies can be optimised and help improve economic and welfare 

conditions to increase ecological intensification of intensive fish farming. To maximise 

aquaculture productivity, abiotic factors such as light conditions and temperature are often 

manipulated in farms to increase yield (Ceinos et al., 2019; Sánchez-Vázquez et al., 2019; 

Santos et al., 2021). In particular, light stimuli disrupt circadian rhythms and can therefore 

interfere with the animals’ physiological processes 
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(Choi et al., 2022; Lee et al., 2021; Richards & Gumz, 2013; Sánchez-Vázquez et al., 

2019). This disruption can lead to an increase in stress and disease, as well as a decline in 

welfare, which is important for intensive fish farming (Brochu et al., 2021; Saiz et al., 

2021). Studies have also shown that feeding at random or non-optimal times can lead to 

lower growth and welfare of animals (Boujard & Leatherland, 1992; Gilannejad et al., 

2019; Lopes et al., 2022; Saiz et al., 2021). Consequently, quantifying the data and 

identifying times of day when stress levels are high will aid in suggesting feeding regimes 

to support the natural metabolism of fish. The here found peaks at 3 p.m. in sugars and 

amino acids for instance, could be used as energy stores and help fish to better cope with 

stressful farm activities. By adjusting handling and feeding regimes to species- specific 

circadian rhythms, stress can be reduced, and the farmer could increase productivity 

without additional costs. 

 
 
Implications for aquaculture practices 
 
 
My dissertation was about finding and developing ways to improve the sustainability of 

intensive aquaculture farms by increasing positive consumer perceptions and fish welfare, 

as well as through the application of more sustainable feeds. I found that the first step in 

promoting the consumption of aquaculture fish should be to shift consumer attitudes. 

Consumers are the most critical factor that limit sustainable farmed fish products in the 

marketplace, as supply and demand determine its presence on the shelf (Bronnmann & 

Asche, 2017; Culliford & Bradbury, 2020; Koch et al., 2019; Menozzi et al., 2020). Hence, 

the demand for aquaculture fish has to increase in order to lead the way to more 

sustainable production. 

Chapter III has demonstrated that both consumer awareness and perception are linked 

to their knowledge of the fish products. Improving consumer education would thus be a 

good opportunity towards increasing purchase of fish from sustainable aquaculture. A 

well-informed consumer is willing to spend more on sustainable and locally produced 

seafood with high animal welfare standards (Arru et al., 2019; Birch et al., 2018; Govzman 

et al., 2021). This increased awareness would consequently allow more products to be 

sold and encourage farmers to improve their sustainability and fish welfare owing to 

increasing demand. 



Chapter VI 

115 

 

 

 
Moreover, educational campaigns should be launched on how to prepare fresh fish to 

make seafood more appealing to the consumers. During many of my semi-structured 

interviews, participants were found to be unaware on how to prepare fresh fish. Therefore, 

they purchase products already processed, which are less sustainable than locally 

aquacultured fish because of transportation and processing procedures (Carlucci et al., 

2015). Moreover, a number of other studies support my findings that the knowledge of 

whole fish preparation is severely limited, particularly in countries without a long fishing 

tradition (Brunsø et al., 2009; Carlucci et al., 2015; Govzman et al., 2021; Wien et al., 

2020). Another possible opportunity would be to use farmed fish in already processed 

products to simply eliminate this parameter. 

Chapter III as well as several other studies have further shown that consumers often feel 

overwhelmed by the variety of eco-labels (Alfnes et al., 2018; Asche & Bronnmann, 2017). 

With regard to sustainable consumption, the use of life cycle assessments for aquaculture 

products appears to be an excellent complement to eco-labels. Adding LCA on the 

products could help to increase consumers’ awareness and restore their trust. A 

thoughtful use of LCAs could therefore provide consumers with important information 

about the product. Examples include carbon footprint, impact on the environment, as well 

as water and resource consumption (Altiok et al., 2021; Cao et al., 2013; Cordella et al., 

2020; FAO, 2022). By providing the information and adjusting prices accordingly, 

consumers could decide for themselves which criteria they prefer when purchasing their 

food. Unfortunately, in the field of LCA, adequate and reliable data is often difficult to 

obtain and even more difficult to verify (Madin & Mukaratirwa, 2015). Future campaigns 

thus need to develop a simple and reproducible verification process that guarantees 

traceability and accuracy to the consumer. That could shift consumer perceptions and 

awareness and potentially increase purchases of seafood from sustainable aquaculture. 

Simultaneously, alternative feed concepts should be implemented in intensive fish 

farming. The feed intake is the main factor determining efficiency and cost as well as 

maximising production efficiency in a fish farm (Assan et al., 2021). As discussed in 

Chapter IV, the sustainability of carnivorous fish feed is important due to high content of 

fishmeal and fishoil from marine fish stocks (Hua et al., 2019; Luthada-Raswiswi et al., 

2021; Owsianiak et al., 2022; Willer et al., 2022). Balancing increasing aquaculture 

production  with  sustainable  resource  management  presents  a  complex  challenge. 



Chapter VI 

116 

 

 

 
Nevertheless, in order to ensure human nutrition and achieve the SDGs in the next 

decade, it must be addressed (Bank et al., 2021; FAO, 2022; Fonseca et al., 2020; Hua 

et al., 2019). A promising solution is to replace fishmeal from marine fish stocks with 

hydrolysates from CE. Moreover, depending on the fish species, a significant diet 

proportion can be substituted with plant- and terrestrial animal-derived proteins, as well 

as insectmeal. This transfer could preserve resources, foster circular economy, and shift 

consumer perceptions towards a more positive attitude towards intensive fish farming. 

The goal of reducing environmental impacts and improving eco-efficiency by staying 

within planetary boundaries is a major challenge. Planetary boundaries were first 

introduced by Rockström et al. (2009) and describe a safe margin of action for humanity 

based on intrinsic biophysical processes, which regulate the balance of the Earth system 

(Steffen et al., 2015). Incorporating environmental impacts, such as carbon footprint 

disclosure on a product, can help raise the awareness of consumers and alter their 

purchasing patterns (Madin & Mukaratirwa, 2015). For instance, carbon footprint 

indication could lead to preferred purchasing of local products due to lower carbon 

emissions. 

Looking ahead, we note that younger generations place great emphasis on 

environmentally friendly food, sustainability, and animal welfare (Kamenidou et al., 2020; 

Su et al., 2019; Zuo et al., 2022). Chapter V presents an approach to adapt turbot 

circadian rhythms in RAS for optimised aquaculture practices. Modifying feeding regimes 

in response to peak metabolites, such as BCAAs, sugars or stress metabolites, like 

cortisol, could help improve fish growth at no additional cost to the farmer. The metabolite 

levels could indicate the time of the day at which stressful activities such as transport, 

feeding, or handling should be avoided to improve fish welfare and decrease the risk of 

disease outbreaks. Metabolism is highly species-specific, and identifying daily variations 

in metabolites needs to be addressed for each species individually. Turbot has never 

been researched for its metabolic profile before. My findings record the first trends in its 

circadian rhythm, where many amino acids as well as sugars peaked at 3 p.m. 

Combining novel alternative feed ingredients with optimised feeding and handling regimes 

could improve profitability and welfare of intensive fish farms. To this end, nuclear 

magnetic resonance (NMR) spectroscopy provides an accurate tool for 
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metabolic profiling that allows qualification and evaluation of the effects of experimental 

feeds in the context of fish nutrition (Tavares et al., 2022). The additional display of LCA 

attributes like animal welfare, carbon footprint, or resource reuse on aquaculture products 

might benefit consumers by making locally produced fish from intensive aquaculture more 

attractive than imported finfish. This, in turn, would benefit the environment, local 

economies, and the welfare of fish, as well as contribute to the achievement of the SDGs. 

 
 
Limitations and future recommendations 
 
 
My dissertation focused on consumer analysis and improving intensive fish aquaculture 

practices, with Section 6.4 identifying potential implications for aquaculture farmers. 

Nonetheless, limitations exist in the various experiments. Analysing these constraints 

could contribute to determine the bottlenecks and provide recommendations for the 

future. 

In Chapter III, lack of consumer knowledge is cited as the first barrier to supermarket 

demand for sustainable aquaculture products. However, for this part of my work, only 

eight knowledge transfer events were attended along with surveys. An additional study 

should further explore my trend and collect additional supporting data. In this context, the 

interactive posters could contain more detailed questions to substantiate the findings. The 

trend was that greater scientific aquaculture knowledge leads to more sustainable 

purchases. An example for a more detailed question might be the distinction between 

aquaculture and fishery products. This question was originally in the pretest, but it was 

removed after I discovered that consumers are often confused about what type of seafood 

they are purchasing. Again, this finding indicates a lack of consumer knowledge, which 

needs to be addressed in the future. My work has also demonstrated that attendees at 

scientific conferences and seminars are more willing to participate in a quick interactive 

poster survey than an online questionnaire. Nevertheless, providing the right incentive 

could possibly increase the number of online participants. I would propose an additional 

online survey in which participants could win a prize if they responded to all the questions. 

The pretest has to indicate how long it takes to answer the survey carefully, and 

participants who take too little or too much time would be excluded from 
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the survey. Time is a good indicator of the quality of the questionnaire and could help 

identify scammers. Participants would also need to self-verify to eliminate completing the 

questionnaire more than once. Compared to quick poster surveys, online surveys could 

capture more details about knowledge levels and purchasing behaviour, which might help 

develop more targeted campaigns. 

However, most campaigns in the European Union do not focus either on the generational 

or national differences. This strategy has to be questioned in order to increase awareness 

and encourage sustainable purchasing of aquaculture products. A first approach might 

be to introduce (especially to the younger generation) the “new” production system of the 

circular economy, including RAS. Research has shown that younger generations are 

especially concerned with sustainability (carbon footprint) and upcycling of food to avoid 

food crises and wastes (Kyma l̈a ïnen et al., 2021). Hence, the development of new feed 

concepts (Chapter IV) with aquaculture byproducts and locally cultivated plants could 

change perceptions towards more positive attitudes in aquaculture products. 

Another theme that emerged from the poster surveys was between reported and actual 

product purchases. Most people indicate the importance of animal welfare, sustainability, 

and regionality on a product. Nevertheless, several studies show that the supermarket’s 

primary focus is on the price (Gidlöf et al., 2017; Van Herpen & Van Trijp, 2011). Future 

studies should therefore combine surveys with actual purchase behaviour. To do so, 

interactive posters could be placed in the entrance area of a supermarket, and survey 

participants could be interviewed again after their purchase. These results could then be 

compared with those people who did not participate in the poster survey in the entrance 

area. This approach could show whether raising awareness at the start of shopping 

changes purchasing behaviour. Studies suggest that raising awareness and providing 

additional information encourages people to buy more sustainable products (Menozzi et 

al., 2020; Van Herpen & Van Trijp, 2011). 

I am aware of the fact that these findings are difficult to validate due to biased 

perceptions of the consumers as well as the categorisation of the scientific knowledge 

itself. Indeed, personal perspective surveys always contain a factor for error, 

especially on contested and highly normative topics, such as individual food 

preferences. To this end, I am aware that my work provides only a first impression on 



Chapter VI 

119 

 

 

 
this subject and further detailed research is needed to prove my findings. 

Chapter V deals with the circadian rhythm of turbot and demonstrates an attempt to 

obtain insight into the animals’ 24-hour metabolism. Unfortunately, the method applied 

prevented the recording of the animals’ melatonin levels. Melatonin is well-known to be 

the major metabolite affected by light conditions and diet composition and thus plays a 

critical role in intensively farmed fish (Acharyya et al., 2022; Gao et al., 2021). 

Consequently, understanding the daily melatonin expression in turbot could help identify 

best practices for slaughter, feeding, and handling. Moreover, aquaculture operations 

could benefit from including melatonin supplements in feed at certain times of the day to 

reduce stress in the animals. Upcoming studies should concentrate on monitoring 

melatonin production in turbot on a 24-hour cycle to determine diurnal and nocturnal 

rhythms. Moreover,  the methods used to determine lactate, test stripes and NMR 

spectroscopy showed some bottlenecks as well. Lactate can be used to assess both 

stress and immune responses and displayed different values in the two methods used. 

The test strips gave significant values between 3 a.m. and 9 a.m. At the same time, NMR 

spectroscopy showed a peak at 3 p.m. Lactate concentrations were often lower than the 

threshold of the test strips, rendering the results questionable. Blood glucose was also 

analyzed both by test strips and NMR spectroscopy and displayed similar values and 

peaks with both methods. I concluded that lactate levels were too low for the test strips, 

and more studies are needed to reproduce the trend observed in the NMR. Identification 

of the lowest immunological barrier is critical as it can help optimize feeding, 

transportation, and handling in RAS, as well as reduce the risk of disease outbreaks in 

aquaculture operations. This could help improve animal welfare without incurring 

additional costs to the farmer. 

A new area of research is environmental enrichment to improve the welfare of fish in 

intensive farms (Arechavala-Lopez et al., 2022). Different types of enrichments exist, 

namely physical (e.g. structures or substrates), sensory (e.g. visual, auditory, or 

chemical), occupational (e.g. hydrodynamics and play), social, or nutritional (Arechavala-

Lopez et al., 2022; Zhang et al., 2022). Such enrichments could contribute to reducing 

disease and stress, leading to faster growth and higher profits with a high standard of 

animal welfare. I would recommend applying these structures in a way practical for the 

farmer and repeat 24 h measurements to conclude if the basal stress 
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levels really decrease. Rearing fish under continuously monitored conditions does not 

only enhance the quality of the product, but might also affect purchasing behaviour. In 

recent years, increased attention has been observed on how animals are raised and 

slaughtered. Former studies have indicated the added value of organic farming by 

environmental, moral, and health aspects (Patle et al., 2020), which is reflected in 

consumer choices. Hence, promoting organic development and creating a more natural 

environment for aquaculture fish combined with alternative feed ingredients and species 

specific feeding and handling regimes could positively influence perception and therefore 

purchasing behaviour. 
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Conclusion 
 
The data presented in this dissertation provide new information on opportunities for 

improving intensive fish farming in Europe. Fish aquaculture intensification, particularly 

land-based aquaculture (e.g. RAS), will play a critical role in future food security, as well 

as towards meeting the SDGs. My work highlights potential solutions that could contribute 

to improving blue growth in the context of aquaculture in Europe while ensuring 

sustainability goals, fish conservation, and profitability. 

My work examines consumer perceptions and contributes to a better understanding on 

how scientific knowledge and national differences influence purchasing behaviour. 

Through a combination of different transdisciplinary approaches, I gained insights and a 

better understanding of the constraining factors. The primary limiting factor I identified 

was the lack of consumer awareness in supermarkets, where a negative perception of 

aquaculture products results in fewer purchases. It is necessary to counteract this decline 

in demand to increase farm profitability, by encouraging fish farmers to invest more money 

into sustainable feeds and farming techniques. During my surveys, it also became evident 

that sustainability, animal welfare, and farming conditions are the main consumer 

concerns regarding aquaculture products. Such negative perception is generally 

attributable to a lack of knowledge and could potentially be remedied through targeted 

national education campaigns. An overarching solution to improve sustainability and 

provide consumers with more comprehensive information could be to supplement existing 

labels with a life cycle assessment of products. 

Life cycle assessment has shown that feed is the most critical limiting factor for RAS 

sustainability, and my work supports the previous findings. I have addressed alternative 

diets for seabass (Dicentrarchus labrax) to improve sustainability while ensuring growth 

and health of the animals. The major ingredient for carnivorous fish in commercial 

aquaculture diets are fishmeal and fishoil. My work demonstrates that fishmeal from 

marine fish stocks can be replaced by hydrolysates and aquaculture by-products, as well 

as plant- and animal-derived proteins, without adverse effects. Moreover, the combination 

of plant and animal proteins, fish hydrolysates, and insects could positively influence 

consumer attitudes towards more farmed fish. This shift in feed ingredients, as well as 

improved consumer perceptions, could create incentives among farmers to act 
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in a more environmentally friendly way and support industrial growth focused on a circular 

economy. 

In addition to sustainability, my work has revealed that animal welfare is particularly 

important for consumers. Hence, my work presents the initial research dealing with the 

circadian rhythm of turbot (Scophthalmus maximus). Turbot is a highly valuable 

carnivorous species mainly farmed in RAS and is highly valued by consumers. Circadian 

rhythms regulate the entire metabolism of the animal and are very species-specific, so 

extrapolation from one species to another is extremely speculative. My results suggest 

metabolic peaks in amino acids and sugars at 3 p.m. that can be used to optimise feeding 

regimes and farming practices. In particular, activities on the farm, such as feeding 

(digestive stress) or transportation, can affect stress levels and should be avoided during 

peak levels of stress metabolites in the animal. Determination of day and night rhythms of 

farmed fish becomes crucial for optimising management practices. Exploiting the variation 

of natural metabolism could help improve animal welfare and growth through adjusting 

feeding times at no additional cost to the farmer. 

This thesis provides a comprehensive picture of the impact of the different interdisciplinary 

approaches in European aquaculture, from the consumer to the individual fish. 

Implementing sustainable and regional ingredients in the diets of carnivorous fish can not 

only decrease the dependency on raw materials but also positively influence consumer 

purchase towards aquaculture. Combined with optimised species specific feeding and 

handling times to improve fish welfare, this thesis provides ideas for novel farm practices 

that improve both farm profitability and consumer perception. 



Chapter VI 

123 

 

 

 



Chapter VI 

124 

 

 

 



References 

125 

 

 

 

References 
Acharyya, A., Das, J., & Hasan, K. N. (2022). Melatonin as a Multipotent Component of Fish Feed: Basic 
Information for Its Potential Application in Aquaculture. Fish Nutrition, Metabolism and Physiology, 
760587209. 
Ackefors, H., Huner, J. V., & Konikoff, M. (2017). Introduction to the general principles of aquaculture. CRC 
Press. 
Ahmad, I., Ahmed, I., Fatma, S., & Peres, H. (2021). Role of branched‑chain amino acids on growth, 
physiology and metabolism of different fish species: A review. Aquaculture Nutrition, 27(5), 1270-1289. 
Ahmed, N., Thompson, S., & Glaser, M. (2019). Global aquaculture productivity, environmental 
sustainability, and climate change adaptability. Environmental management, 63(2), 159-172. 
Ahmed, N., & Turchini, G. M. (2021). Recirculating aquaculture systems (RAS): Environmental solution and 
climate change adaptation. Journal of Cleaner Production, 126604. 
Ahmed, N., & Azra, M. N. (2022). Aquaculture Production and Value Chains in the COVID-19 Pandemic. 
Current Environmental Health Reports, 1-13. 
Aich, N., Nama, S., Biswal, A., & Paul, T. (2020). A review on recirculating aquaculture systems: Challenges 
and opportunities for sustainable aquaculture. Innovative Farming, 5(1), 017-024. 
Alam, M. S., Watanabe, W. O., Carroll, P. M., & Rezek, T. (2009). Effects of dietary protein and lipid levels 
on growth performance and body composition of black sea bass Centropristis striata (Linnaeus 1758) during 
grow‑out in a pilot‑scale marine recirculating system. Aquaculture research, 40(4), 442-449. 
Al Khawli, F., Pateiro, M., Domínguez, R., Lorenzo, J. M., Gullón, P., Kousoulaki, K., Ferrer E., Berrada H. 
& Barba, F. J. (2019). Innovative green technologies of intensification for valorization of seafood and their 
by-products. Marine Drugs, 17(12), 689. 
Alfnes, F., Chen, X., & Rickertsen, K. (2018). Labeling farmed seafood: A review. Aquaculture Economics 
& Management, 22(1), 1-26. 
Almeida, C., Altintzoglou, T., Cabral, H., & Vaz, S. (2015). Does seafood knowledge relate to more 
sustainable consumption? British Food Journal, 117(2), 894-914. 
Altintzoglou, T., Vanhonacker, F., Verbeke, W., & Luten, J. (2011). Association of health involvement and 
attitudes towards eating fish on farmed and wild fish consumption in Belgium, Norway and Spain. 
Aquaculture International, 19(3), 475-488. 
Altiok, S., Murthy, A., Iha, K., & Galli, A. (2021). Reducing Mediterranean Seafood Footprints: The role of 
consumer attitudes. Ocean & Coastal Management, 214, 105915. 
Andersen, S. M., Waagbø, R., & Espe, M. (2016). Functional amino acids in fish health and welfare. 
Frontiers in Bioscience-Elite, 8(1), 143-169. 
Ankamah-Yeboah, I., Nielsen, M., & Nielsen, R. (2016). Price premium of organic salmon in Danish retail 
sale. Ecological Economics, 122, 54-60. 
Ankamah-Yeboah, I., Jacobsen, J. B., Olsen, S. B., Nielsen, M., & Nielsen, R. (2019). The impact of animal 
welfare and environmental information on the choice of organic fish: An empirical investigation of German 
trout consumers. Marine Resource Economics, 34(3), 247-266. 
Arechavala‑Lopez, P., Cabrera‑Álvarez, M. J., Maia, C. M., & Saraiva, J. L. (2022). Environmental 
enrichment in fish aquaculture: A review of fundamental and practical aspects. Reviews in Aquaculture, 
14(2), 704-728. 
Arru, B., Furesi, R., Gasco, L., Madau, F. A., & Pulina, P. (2019). The introduction of insect meal into fish 
diet: The first economic analysis on European sea bass farming. Sustainability, 11(6), 1697. 
Aru, V., Khakimov, B., Sørensen, K. M., Chikwati, E. M., Kortner, T. M., Midtlyng, P., Krogdahl A. & 
Engelsen, S. B. (2021). The plasma metabolome of Atlantic salmon as studied by 1H NMR spectroscopy 
using standard operating procedures: Effect of aquaculture location and growth stage. Metabolomics, 17(6), 
1-13. 
Asche, F., & Bronnmann, J. (2017). Price premiums for ecolabelled seafood: MSC certification in Germany. 
Australian Journal of Agricultural and Resource Economics, 61(4), 576-589. 
Asche, F., Bronnmann, J., & Cojocaru, A. L. (2021). The value of responsibly farmed fish: A hedonic price 
study of ASC-certified whitefish. Ecological Economics, 188, 107135. 
Ashley, P. J. (2007). Fish welfare: current issues in aquaculture. Applied Animal Behaviour Science, 104(3-
4), 199-235. 



References 

126 

 

 

 
Assan, D., Huang, Y., Mustapha, U. F., Addah, M. N., Li, G., & Chen, H. (2021). Fish feed intake, feeding 
behavior, and the physiological response of apelin to fasting and refeeding. Frontiers in Endocrinology, 12. 
Assefa, A., & Abunna, F. (2018). Maintenance of fish health in aquaculture: review of epidemiological 
approaches for prevention and control of infectious disease of fish. Veterinary medicine international, vol. 
2018; https://doi.org/10.1155/2018/5432497 
Assembly, General, United Nations (2015). Transforming our world: The 2030 Agenda for Sustainable 
Development, October 21, 2015. A/RES/70/1. www. refworld. org/docid/57b6e3e44. html., assessed at 
15.08.2022 
Aubin, J., Callier, M., Rey‑Valette, H., Mathe, S., Wilfart, A., Legendre, M., Slembrouck J., Caruso D., Chia 
E., Masson G., Blancheton J.P., Haryadi E. J., Prihadi T. H., de Matos Casaca J., Tamassia S.T.J., 
Tocqueville A. & Fontaine, P. (2019). Implementing ecological intensification in fish farming: definition and 
principles from contrasting experiences. Reviews in Aquaculture, 11(1), 149-167. 
Baabou, W., Grunewald, N., Ouellet-Plamondon, C., Gressot, M., & Galli, A. (2017). The Ecological 
Footprint of Mediterranean cities: Awareness creation and policy implications. Environmental Science & 
Policy, 69, 94-104. 
Badiola, M., Basurko, O. C., Piedrahita, R., Hundley, P., & Mendiola, D. (2018). Energy use in recirculating 
aquaculture systems (RAS): a review. Aquacultural engineering, 81, 57-70. 
Balami, S., Sharma, A., & Karn, R. (2019). Significance of nutritional value of fish for human health. 
Malaysian Journal of Halal Research, 2(2), 32-34. 
Bandara, T. (2018). Alternative feed ingredients in aquaculture: Opportunities and challenges. J. Entomol. 
Zool. Stud, 6(2), 3087-3094. 
Banerjee, A., Jhariya, M. K., Meena, R. S., & Yadav, D. K. (2021). Ecological Footprints in Agroecosystem: 
An Overview. Agroecological footprints management for sustainable food system, 1-23. 
Bank, M. S., Swarzenski, P. W., Bianchi, G., Metian, M., Ok, Y. S., & Duarte, C. M. (2021). Reimagining 
aquaculture in the Global South. Science, 372(6539), 247-248. 
Banovic, M., Reinders, M. J., Claret, A., Guerrero, L., & Krystallis, A. (2019). “One Fish, Two Fish, Red Fish, 
Blue Fish”: How ethical beliefs influence consumer perceptions of “blue” aquaculture products? Food 
Quality and Preference, 77, 147-158. 
Barreto, M. O., Rey Planellas, S., Yang, Y., Phillips, C., & Descovich, K. (2022). Emerging indicators of fish 
welfare in aquaculture. Reviews in Aquaculture, 14(1), 343-361. 
Barton, B. A. (2002). Stress in fishes: a diversity of responses with particular reference to changes in 
circulating corticosteroids. Integrative and comparative biology, 42(3), 517-525. 
Beal, C. M., Gerber, L. N., Thongrod, S., Phromkunthong, W., Kiron, V., Granados, J., Archibald I., Greene 
C.H. & Huntley, M. E. (2018). Marine microalgae commercial production improves sustainability of global 
fisheries and aquaculture. Scientific reports, 8(1), 1-8. https://doi.org/10.1038/s41598-018-33504-w 
Bearman, M. (2019). Eliciting rich data: A practical approach to writing semi-structured interview schedules. 
Focus on Health Professional Education: A Multi-disciplinary Journal, 20(3), 1-11. 
Bennett, A., Basurto, X., Virdin, J., Lin, X., Betances, S. J., Smith, M.D., Allison E. H., Best B. A., Brownell 
K. D., Campbell L. M., Golden C. D., Havice E. , Hicks C. C., Jacques P. J., Kleisner K., Lindquist N., Lobo 
R., Murray G. D., Nowlin M., Patil P. G., Rader D. N., Roady S. E., Thilsted S. 
H. & Zoubek, S. (2021). Recognize fish as food in policy discourse and development funding. Ambio, 50(5), 
981-989. https://doi.org/10.1007/s13280-020-01451-4 
Bergheim, A., & Fivelstad, S. (2014). Atlantic salmon (Salmo salar L.) in aquaculture: metabolic rate and 
water flow requirements. Salmon: Biology, Ecological Impact and Economic Importance. 1st ed. 
Hauppauge, New York, USA: Nova Publishers Inc, 20. 
Bergman, K., Henriksson, P. J., Hornborg, S., Troell, M., Borthwick, L., Jonell, M., Philis G. & Ziegler, F. 
(2020). Recirculating aquaculture is possible without major energy tradeoff: life cycle assessment of 
warmwater fish farming in Sweden. Environmental science & technology, 54(24), 16062-16070. 
Besson, M., Komen, H., Rose, G., & Vandeputte, M. (2020). The genetic correlation between feed conversion 
ratio and growth rate affects the design of a breeding program for more sustainable fish production. 
Genetics Selection Evolution, 52(1), 1-10. 
Birch, D., Memery, J., & Kanakaratne, M. D. S. (2018). The mindful consumer: Balancing egoistic and 
altruistic motivations to purchase local food. Journal of Retailing and Consumer Services, 40, 221-228. 

http://www/


References 

127 

 

 

 
Boase N., White M.P., Gaze W.H. & Redshaw C., (2019). Why don't the British eat locally harvested 
shellfish? The role of misconceptions and knowledge gaps, Appetite, doi: 
https://doi.org/10.1016/j.appet.2019.104352. 
Bogard, J. R., Farmery, A. K., Little, D. C., Fulton, E. A., & Cook, M. (2019). Will fish be part of future healthy 
and sustainable diets? The lancet planetary health, 3(4), e159-e160. 
Bohnes, F. A., Hauschild, M. Z., Schlundt, J., & Laurent, A. (2019). Life cycle assessments of aquaculture 
systems: a critical review of reported findings with recommendations for policy and system development. 
Reviews in Aquaculture, 11(4), 1061-1079. 
Boujard, T., & Leatherland, J. F. (1992). Circadian rhythms and feeding time in fishes. Environmental 
Biology of Fishes, 35(2), 109-131. 
Boyd, C. E., McNevin, A. A., & Davis, R. P. (2022). The contribution of fisheries and aquaculture to the 
global protein supply. Food Security, 1-23. 
Brécard, D., Hlaimi, B., Lucas, S., Perraudeau, Y., & Salladarré, F. (2009). Determinants of demand for 
green products: An application to eco-label demand for fish in Europe. Ecological economics, 69(1), 115-
125. 
Brochu, M. P., & Aubin-Horth, N. (2021). Shedding light on the circadian clock of the threespine stickleback. 
Journal of Experimental Biology, 224(24), jeb242970. 
Bronnmann, J., & Asche, F. (2016). The value of product attributes brands and private labels: an analysis 
of frozen seafood in Germany. Journal of Agricultural Economics, 67(1), 231-244. 
Bronnmann, J., & Asche, F. (2017). Sustainable seafood from aquaculture and wild fisheries: Insights from 
a discrete choice experiment in Germany. Ecological Economics, 142, 113-119. 
Brooks, B. W., & Conkle, J. L. (2019). Commentary: perspectives on aquaculture, urbanization and water 
quality. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 217, 1-4. 
Brugère, C., Aguilar‑Manjarrez, J., Beveridge, M. C., & Soto, D. (2019). The ecosystem approach to 
aquaculture 10 years on–a critical review and consideration of its future role in blue growth. Reviews in 
Aquaculture, 11(3), 493-514. 
Brunsø, K., Verbeke, W., Olsen, S. O., & Jeppesen, L. F. (2009). Motives, barriers and quality evaluation 
in fish consumption situations: Exploring and comparing heavy and light users in Spain and Belgium. British 
Food Journal. 
Buck, B. H., & Langan, R. (2017). Aquaculture perspective of multi-use sites in the open ocean: The 
untapped potential for marine resources in the anthropocene. Springer Nature. 
Buck, B. H., Troell, M. F., Krause, G., Angel, D. L., Grote, B., & Chopin, T. (2018). State of the art and 
challenges for offshore-integrated multi-trophic aquaculture (IMTA). Frontiers in Marine Science, 5, 165. 
Burridge, L., Weis, J. S., Cabello, F., Pizarro, J., & Bostick, K. (2010). Chemical use in salmon aquaculture: 
a review of current practices and possible environmental effects. Aquaculture, 306(1- 4), 7-23. 
Cahu, C., Salen, P., & De Lorgeril, M. (2004). Farmed and wild fish in the prevention of cardiovascular 
diseases: Assessing possible differences in lipid nutritional values. Nutrition, Metabolism and 
Cardiovascular Diseases, 14(1), 34-41. 
Callier, M. D., Byron, C. J., Bengtson, D. A., Cranford, P. J., Cross, S. F., Focken, U., Jansen H. M., 
Kamermans P., Kiessling A., Landry T., O’Beirn F., Petersson E., Rheault R. B., Strand Ø., Sundell S., 
Sv°aasand T., Wikfors G. H. & McKindsey, C. W. (2018). Attraction and repulsion of mobile wild organisms 
to finfish and shellfish aquaculture: a review. Reviews in Aquaculture, 10(4), 924-949. 
Campanati, C., Willer, D., Schubert, J., & Aldridge, D. C. (2022). Sustainable intensification of aquaculture 
through nutrient recycling and circular economies: more fish, less waste, blue growth. Reviews in Fisheries 
Science & Aquaculture, 30(2), 143-169. 
Campbell, B., & Pauly, D. (2013). Mariculture: a global analysis of production trends since 1950. Marine 
Policy, 39, 94-100. 
Canales, C. M., & Cubillos, L. A. (2021). Empirical survey-based harvest control rules in a transboundary 
small pelagic fishery under recruitment regime shifts: The case of the northern Chilean-southern Peruvian 
anchovy. Marine Policy, 134, 104784. 
Cantillo, J., Martín, J. C., & Román, C. (2020). A hybrid fuzzy topsis method to analyze the coverage of a 
hypothetical eu ecolabel for fishery and aquaculture products (Faps). Applied Sciences, 11(1), 112. 



References 

128 

 

 

 
Cantillo, J., Martín, J. C., & Román, C. (2021). Determinants of fishery and aquaculture products 
consumption at home in the EU28. Food Quality and Preference, 88, 104085. 
Cao, L., Diana, J. S., & Keoleian, G. A. (2013). Role of life cycle assessment in sustainable aquaculture. 
Reviews in Aquaculture, 5(2), 61-71. 
Cappello, T. (2020). NMR‑Based Metabolomics of Aquatic Organisms. EMagRes, University of Messina, 
Messina, Italy. 81-100. 
Carbonara, P., Zupa, W., Bitetto, I., Alfonso, S., Dara, M., & Cammarata, M. (2020). Evaluation of the Effects 
of the Enriched-Organic Diets Composition on European Sea Bass Welfare through a Multi-Parametric 
Approach. Journal of Marine Science and Engineering, 8(11), 934. 
Carlucci, D., Nocella, G., De Devitiis, B., Viscecchia, R., Bimbo, F., & Nardone, G. (2015). Consumer 
purchasing behaviour towards fish and seafood products. Patterns and insights from a sample of 
international studies. Appetite, 84, 212-227. 
Cascarano, M. C., Stavrakidis-Zachou, O., Mladineo, I., Thompson, K. D., Papandroulakis, N., & Katharios, 
P. (2021). Mediterranean aquaculture in a changing climate: temperature effects on pathogens and 
diseases of three farmed fish species. Pathogens, 10(9), 1205. 
Cavallo, M., Perez Agundez, J. A., Raux, P., & Frangoudes, K. (2021). Is existing legislation supporting 
socially acceptable aquaculture in the European Union? A transversal analysis of France, Italy and Spain. 
Reviews in Aquaculture, 13(3), 1683-1694. 
Ceinos, R. M., Chivite, M., Lopez-Patino, M. A., Naderi, F., Soengas, J. L., Foulkes, N. S., & Miguez, J. M. 
(2019). Differential circadian and light-driven rhythmicity of clock gene expression and behaviour in the 
turbot, Scophthalmus maximus. PloS one, 14(7), e0219153. 
Choi, C. Y., Song, J. A., Ryu, H. S., & Lee, T. H. (2022). Expression of circadian rhythm-related hormones 
in juvenile olive flounders (Paralichthys olivaceus) following exposure to total residual oxidant. Biological 
Rhythm Research, 53(3), 445-454. 
Conceição, L.; Dias, J.; Pereira, G.V.; Johansen. J.; Buck, B.; Glencross, B.; Newton, R., 2020 ; Report on 
the formulation of eco-efficient feed. Deliverable 1.4. GAIN - Green Aquaculture Intensification in Europe. 
EU Horizon 2020 project grant nº. 773330. 22 pp. 
Cordella, M., Alfieri, F., Sanfelix, J., Donatello, S., Kaps, R., & Wolf, O. (2020). Improving material efficiency 
in the life cycle of products: a review of EU Ecolabel criteria. The International Journal of Life Cycle 
Assessment, 25(5), 921-935. 
Costa-Pierce, B. A. (2022). The Anthropology of Aquaculture. Frontiers in Sustainable Food Systems, 6, 
843743. 
Council, Farm Animal Welfare. "FAWC updates the five freedoms." Vet. Rec. 131 (1992): 357. 
Council of Europe 2006. Standing Committee of the European Convention for the Protection of Animals 
kept for farming purposes recommendation concerning farmed fish. Retrieved on 05 December 2017
 from https://www.coe.int/t/e/legal_affairs/legal_co- 
operation/biological_safety_and_use_of_animals/farming/rec%20fish%20e.asp. 
Cowan, M., Azpeleta, C., & López-Olmeda, J. F. (2017). Rhythms in the endocrine system of fish: a review. 
Journal of Comparative Physiology B, 187(8), 1057-1089. 
Cristiano, S., Baarset, H., Bruckner, C., Johansen, J., & Pastres, R. (2022). Innovative options for the reuse 
and valorisation of aquaculture sludge and fish mortalities: Sustainability evaluation through Life-Cycle 
Assessment. Journal of Cleaner Production, 352, 131613. 
Crook, A. A., & Powers, R. (2020). Quantitative NMR-based biomedical metabolomics: Current status and 
applications. Molecules, 25(21), 5128. 
Cullen, C. H., Ray, G. J., & Szabo, C. M. (2013). A comparison of quantitative nuclear magnetic resonance 
methods: internal, external, and electronic referencing. Magnetic Resonance in Chemistry, 51(11), 705-
713. 
Culliford, A., & Bradbury, J. (2020). A cross-sectional survey of the readiness of consumers to adopt an 
environmentally sustainable diet. Nutrition journal, 19(1), 1-13. 
Dağtekin, M., Gücü, A. C., & Genç, Y. (2022). Concerns about illegal, unreported and unregulated fishing, 
carbon footprint, and the impact of fuel subsidy-An economic analysis of the Black Sea anchovy fishery. 
Marine Policy, 140, 105067. 
Dale, V. H., & Kline, K. L. (2017). Interactive posters: A valuable means of enhancing communication and 
learning about productive paths toward sustainable bioenergy. Biofuels, Bioproducts and Biorefining, 11(2), 
243-246. 
Dawood, M. A., Koshio, S., & Esteban, M. Á. (2018). Beneficial roles of feed additives as immunostimulants 
in aquaculture: a review. Reviews in Aquaculture, 10(4), 950-974. 
Dawood, M. A. (2021). Nutritional immunity of fish intestines: Important insights for sustainable aquaculture. 
Reviews in Aquaculture, 13(1), 642-663. 

http://www.coe.int/t/e/legal_affairs/legal_co-


References 

129 

 

 

 
De Boer, J., Schösler, H., & Aiking, H. (2020). Fish as an alternative protein–A consumer-oriented 
perspective on its role in a transition towards more healthy and sustainable diets. Appetite, 152, 104721. 
Deborde, C., Hounoum, B. M., Moing, A., Maucourt, M., Jacob, D., Corraze, G., Médale F. & Fauconneau, 
B. (2021). Putative imbalanced amino acid metabolism in rainbow trout long term fed a plant-based diet as 
revealed by 1H-NMR metabolomics. Journal of nutritional science, 10., 1-18, doi:10.1017/jns.2021.3 
de la Casa-Resino, I., Empl, M. T., Villa, S., Kolar, B., Fabrega, J., Lillicrap, A. D., Karamanlis X. N., & 
Carapeto-García, R. (2021). Environmental risk assessment of veterinary medicinal products intended for 
use in aquaculture in Europe: the need for developing a harmonised approach. Environmental Sciences 
Europe, 33(1), 1-17. 
Deng, Y. P., Jiang, W. D., Liu, Y., Jiang, J., Kuang, S. Y., Tang, L., Wu P., Zhang Y., Feng L. & Zhou, X. 
Q. (2014). Differential growth performance, intestinal antioxidant status and relative expression of Nrf2 and 
its target genes in young grass carp (Ctenopharyngodon idella) fed with graded levels of leucine. 
Aquaculture, 434, 66-73. 
Desai, A. S., Brennan, M., Gangan, S. S., & Brennan, C. (2022). Utilization of Fish Waste as a Value-Added 
Ingredient: Sources and Bioactive Properties of Fish Protein Hydrolysate. In Sustainable Fish Production 
and Processing (pp. 203-225). Academic Press. 
Donlan, C. J., & Luque, G. M. (2019). Exploring the causes of seafood fraud: A meta-analysis on mislabeling 
and price. Marine Policy, 100, 258-264. 
Ecolabel Index, 2022; https://www.ecolabelindex.com/ecolabels/?st=region=europe, accessed: July 18, 
2022 
Ellis, T., Yildiz, H. Y., López-Olmeda, J., Spedicato, M. T., Tort, L., Øverli, Ø., & Martins, C. I. (2012). Cortisol 
and finfish welfare. Fish physiology and biochemistry, 38(1), 163-188. 
European Market Observatory for Fisheries and Aquaculture products (EUMOFA) (2019). The EU fish 
market 2019. D.-G. f. M. A. a. Fisheries. Luxembourg, Publications Office of the European Union. 
European Market Observatory for Fisheries and Aquaculture products (EUMOFA). The EU Fish Market—
2021 Edition; EUMOFA: Brussels, Belgium, 2021. 
Eurobarometer (2019). EU consumer habits regarding fishery and aquaculture products. Brussels, 
European Commission, Directorate-General for Maritime Affairs and Fisheries. 
European Commission. (2012). Communication from the Commission: Blue Growth opportunities for marine 
and maritime sustainable growth. COM/2012/0494 final. Available at: https://eur- lex.europa.eu/legal-
content/EN/ALL/?uri=CELEX:52012DC0494. 10.08.2022 
European Commission Technical Report 2013-064, The impact of EU consumption on deforestation: 
Identification of critical areas where community policies and legislation could be reviewed, 2013. 
FAO. 2017 a. Aquaculture development. 7. Aquaculture governance and sector development. FAO 
Technical Guidelines for responsible fisheries, No. 5. Suppl. 7. Rome, Italy. 50pp 
FAO. 2017 b. Blue Growth Initiative, #5, Rome, Italy. https://www.fao.org/documents/card/en/c/10d32cb5-
a5bf-4905-936b-89bac8caab92/ 
FAO 2018. The state of food security and nutrition in the world. Food and Agriculture Organization of the 
United Nations. Rome, FAO Agricultural Development Economics Division. 
FAO 2020. The State of World Fisheries and Aquaculture 2020. Food and Agriculture Organization of the 
United Nations. FAO Agricultural Development Economics Division. Rome, Italy. 
FAO. 2022. The State of World Fisheries and Aquaculture 2022. Towards Blue Transformation. Rome, 
FAO. https://doi.org/10.4060/cc0461en 
Farmery, A. K., Alexander, K., Anderson, K., Blanchard, J. L., Carter, C. G., Evans, K., Fischer M., Fleming 
A., Frusher S., Fulton E. A., Haas B., MacLeod C. K., Murray L., Nash K. L., Pecl G. T., Rousseau Y., 
Trebilco R., van Putten I. E., Mauli S., Dutra L., Greeno D., Kaltavara D., Watson 
R. & Nowak, B. (2022). Food for all: designing sustainable and secure future seafood systems. Reviews in 
fish biology and fisheries, 32(1), 101-121., https://doi.org/10.1007/s11160-021-09663- x 
FEAP (2017) Federation of the European Association of Producers. Production Report 2017. European 
Aquaculture Production Report 2008–2016, http://feap.info/wp-content/uploads/ 2018/05/production-report-
2017_web.pdf. 02.08.2022 

http://www.ecolabelindex.com/ecolabels/?st=region%3Deurope
http://www.ecolabelindex.com/ecolabels/?st=region%3Deurope
http://www.ecolabelindex.com/ecolabels/?st=region%3Deurope
http://www.fao.org/documents/card/en/c/10d32cb5-a5bf-4905-936b-89bac8caab92/
http://www.fao.org/documents/card/en/c/10d32cb5-a5bf-4905-936b-89bac8caab92/
http://feap.info/wp-content/uploads/


References 

130 

 

 

 
Federation of European Aquaculture Producers (FEAP). Production Report. 2020. Available 
online:https://feap.info/wp-content/uploads/2020/10/20201007_feap-production-report-2020.pdf (accessed 
on 20 July 2022). 
Figueiredo, F., Aragão, C., Pinto, W., Dinis, M. T., & Oliveira, C. C. (2020). Optimizing rearing and welfare 
in Senegalese sole (Solea senegalesensis) broodstock: Effect of ambient light intensity and handling 
time on stress response. Applied Animal Behaviour Science, 222, 104880. 
Folke, C., Kautsky, N., Berg, H., Jansson, Å., & Troell, M. (1998). The ecological footprint concept for 
sustainable seafood production: a review. Ecological Applications, 8(sp1), S63-S71. 
Fonseca, L. M., Domingues, J. P., & Dima, A. M. (2020). Mapping the sustainable development goals 
relationships. Sustainability, 12(8), 3359. 
Føre, M., Frank, K., Norton, T., Svendsen, E., Alfredsen, J. A., Dempster, T., Eguiraun H., Watson W., Stahl 
A., Sunde L. M., Schellewald C., Skøien K. R., Alver M. O. & Berckmans, D. (2018). Precision fish farming: 
A new framework to improve production in aquaculture. biosystems engineering, 173, 176-193. 
Forster, I., & Dominy, W. (2006). Use of rendered terrestrial animal by-products in aquatic feeds. Avances 
en Nutrición Acuicola. 434-446 
Fraga-Corral, M., Ronza, P., Garcia-Oliveira, P., Pereira, A. G., Losada, A. P., Prieto, M. A., Quiroga M. I. 
& Simal-Gandara, J. (2022). Aquaculture as a circular bio-economy model with Galicia as a study case: 
How to transform waste into revalorized by-products. Trends in Food Science & Technology, 119, 23-35. 
Froehlich, H. E., Koehn, J. Z., Holsman, K. K., & Halpern, B. S. (2022). Emerging trends in science and news 
of climate change threats to and adaptation of aquaculture. Aquaculture, 549, 737812. 
Funk, A., Sütterlin, B., & Siegrist, M. (2021). Consumer segmentation based on Stated environmentally-
friendly behavior in the food domain. Sustainable Production and Consumption, 25, 173-186. 
Gabriel, U. U., & Akinrotimi, O. A. (2011). Management of stress in fish for sustainable aquaculture 
development. Researcher, 3(4), 28-38. 
GAIN- Green Aquaculture Intensification in Europe, 2020, Department of Environment Sciences, 
Informatics and Statistics (DAIS), venezia Mestre, Italy. https://www.unive.it/pag/33897/ 
Gajanan, P. G., Elavarasan, K., & Shamasundar, B. A. (2016). Bioactive and functional properties of protein 
hydrolysates from fish frame processing waste using plant proteases. Environmental Science and Pollution 
Research, 23(24), 24901-24911. 
Gambelli, D., Vairo, D., Solfanelli, F., & Zanoli, R. (2019). Economic performance of organic aquaculture: 
A systematic review. Marine Policy, 108, 103542. 
Gao, X., Pang, G., Luo, X., You, W., & Ke, C. (2021). Effects of light cycle on motion behaviour and 
melatonin secretion in Haliotis discus hannai. Aquaculture, 532, 735981. 
Garlock, T., Asche, F., Anderson, J., Bjørndal, T., Kumar, G., Lorenzen, K., Ropicki A., Smith M. 
D. & Tveterås, R. (2020). A global blue revolution: aquaculture growth across regions, species, and 
countries. Reviews in Fisheries Science & Aquaculture, 28(1), 107-116. 
Gaviglio, A., & Demartini, E. (2009). Consumer attitudes towards farm-raised and wild-caught fish: variables 
of product perception. New Medit: Mediterranean Journal of Economics, Agriculture and Environment, 
Revue M�diterran�enne dʹEconomie Agriculture et Environment, 8(3), 34. 
Geelen, A., Schouten, J. M., Kamphuis, C., Stam, B. E., Burema, J., Renkema, J. M., Bakker E., van´t Veer 
P. & Kampman, E. (2007). Fish consumption, n-3 fatty acids, and colorectal cancer: a meta-analysis of 
prospective cohort studies. American journal of epidemiology, 166(10), 1116- 1125. 
Gentry, R. R., Froehlich, H. E., Grimm, D., Kareiva, P., Parke, M., Rust, M., Gaines S. D. & Halpern, B. S. 
(2017). Mapping the global potential for marine aquaculture. Nature ecology & evolution, 1(9), 1317-1324. 
Gerten, D., V. Heck, J. Jägermeyr, B. L. Bodirsky, I. Fetzer, M. Jalava, M. Kummu, W. Lucht, J. Rockström, 
S. Schaphoff and H. J. Schellnhuber (2020). "Feeding ten billion people is possible within four terrestrial 
planetary boundaries." Nature Sustainability 3(3): 200-208. 
Gidlöf, K., Anikin, A., Lingonblad, M., & Wallin, A. (2017). Looking is buying. How visual attention and choice 
are affected by consumer preferences and properties of the supermarket shelf. Appetite, 116, 29-38. 
Gilannejad, N., Silva, T., Martínez-Rodríguez, G., & Yúfera, M. (2019). Effect of feeding time and frequency 
on gut transit and feed digestibility in two fish species with different feeding behaviours, gilthead seabream 
and Senegalese sole. Aquaculture, 513, 734438. 

http://www.unive.it/pag/33897/


References 

131 

 

 

 
Glencross, B. D. (2020). A feed is still only as good as its ingredients: An update on the nutritional research 
strategies for the optimal evaluation of ingredients for aquaculture feeds. Aquaculture Nutrition, 26(6), 1871-
1883. 
Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., Pretty J., Robinson 
S., Thomas S. M. & Toulmin, C. (2010). Food security: the challenge of feeding 9 billion people. science, 
327(5967), 812-818. 
Godfray, H. C. J., Aveyard, P., Garnett, T., Hall, J. W., Key, T. J., Lorimer, J., Pierrehumbert R. T., 
Scarborough P., Springmann M. & Jebb, S. A. (2018). Meat consumption, health, and the environment. 
Science, 361(6399), eaam5324. 
González, N., Marquès, M., Nadal, M., & Domingo, J. L. (2020). Meat consumption: Which are the current 
global risks? A review of recent (2010–2020) evidences. Food Research International, 137, 109341. 
Govaerts, F. (2021). Media representation of salmon aquaculture in France. Aquaculture, 540, 736679., 
https://doi.org/10.1016/j.aquaculture.2021.736679 
Govzman, S., Looby, S., Wang, X., Butler, F., Gibney, E. R., & Timon, C. M. (2021). A systematic review of 
the determinants of seafood consumption. British Journal of Nutrition, 126(1), 66-80. 
Guillen, J., Natale, F., Carvalho, N., Casey, J., Hofherr, J., Druon, J. N., Fiore G., Gibin M., Zanzi 
& Martinsohn, J. T. (2019). Global seafood consumption footprint. Ambio, 48(2), 111-122. 
Hackenesch, C., Kloke-Lesch, A., Koch, S., Niestroy, I., & Scholz, I. (2016). Towards a “Sustainable 
Development Union”: why the EU must do more to implement the 2030 Agenda (No. 6/2016). Briefing Paper. 
Hamada, M. G., Elbayoumi, Z. H., Khader, R. A., & M Elbagory, A. R. (2018). Assessment of Heavy Metal 
Concentration in Fish Meat of Wild and Farmed Nile Tilapia (Oreochromis Niloticus), Egypt. Alexandria 
Journal for Veterinary Sciences, 57(1). 
Han, P., Lu, Q., Fan, L., & Zhou, W. (2019). A review on the use of microalgae for sustainable aquaculture. 
Applied Sciences, 9(11), 2377. 
Happer, C., & Wellesley, L. (2019). Meat consumption, behaviour and the media environment: A focus 
group analysis across four countries. Food Security, 11(1), 123-139. 
Hatzakis, E. (2019). Nuclear magnetic resonance (NMR) spectroscopy in food science: A comprehensive 
review. Comprehensive Reviews in Food Science and Food Safety, 18(1), 189- 220. 
Henchion, M., Hayes, M., Mullen, A. M., Fenelon, M., & Tiwari, B. (2017). Future protein supply and 
demand: strategies and factors influencing a sustainable equilibrium. Foods, 6(7), 53. 
Henriksson, P. J., Guinée, J. B., Kleijn, R., & de Snoo, G. R. (2012). Life cycle assessment of aquaculture 
systems—a review of methodologies. The International Journal of Life Cycle Assessment, 17(3), 304-313. 
Henry, M., Gasco, L., Piccolo, G., & Fountoulaki, E. (2015). Review on the use of insects in the diet of 
farmed fish: past and future. Animal Feed Science and Technology, 203, 1-22. 
Hernández-Pérez, J., Naderi, F., Chivite, M., Soengas, J. L., Míguez, J. M., & López-Patiño, M. 
(2019). Influence of stress on liver circadian physiology. A study in rainbow trout, 
Oncorhynchus mykiss, as fish model. Frontiers in Physiology, 10, 611. 
Hoerterer, C., Petereit, J., & Krause, G. (2022) a. Informed choice: The role of knowledge in the willingness 
to consume aquaculture products of different groups in Germany. Aquaculture, 556, 738319. 
Hoerterer, C., Petereit, J., Lannig, G., Johansen, J., Pereira, G. V., Conceição, L. E., Pastres R. & Buck, B. 
H. (2022) b. Sustainable fish feeds: potential of emerging protein sources in diets for juvenile turbot 
(Scophthalmus maximus) in RAS. Aquaculture International, 1-24. 
Hoque, M. Z., & Alam, M. N. (2020). Consumers' knowledge discrepancy and confusion in intent to purchase 
farmed fish. British Food Journal. 
Hua, K., Cobcroft, J. M., Cole, A., Condon, K., Jerry, D. R., Mangott, A., Praeger C., Vucko M. J., Zeng C., 
Zenger K. & Strugnell, J. M. (2019). The future of aquatic protein: implications for protein sources in 
aquaculture diets. One Earth, 1(3), 316-329. 
Jacobs, S., Sioen, I., Marques, A., & Verbeke, W. (2018). Consumer response to health and environmental 
sustainability information regarding seafood consumption. Environmental research, 161, 492-504. 
Jannathulla, R., Rajaram, V., Kalanjiam, R., Ambasankar, K., Muralidhar, M., & Dayal, J. S. (2019). 
Fishmeal availability in the scenarios of climate change: Inevitability of fishmeal 



References 

132 

 

 

 
replacement in aquafeeds and approaches for the utilization of plant protein sources. Aquaculture Research, 
50(12), 3493-3506. 
Jääskeläinen, E., Jakobsen, L. M., Hultman, J., Eggers, N., Bertram, H. C., & Björkroth, J. (2019). 
Metabolomics and bacterial diversity of packaged yellowfin tuna (Thunnus albacares) and salmon (Salmo 
salar) show fish species-specific spoilage development during chilled storage. International journal of food 
microbiology, 293, 44-52. 
Jonell, M., Crona, B., Brown, K., Rönnbäck, P., & Troell, M. (2016). Eco-labeled seafood: Determinants for 
(blue) green consumption. Sustainability, 8(9), 884. 
Kamenidou, I. E., Stavrianea, A., & Bara, E. Z. (2020). Generational differences toward organic food 
behavior: Insights from five generational cohorts. Sustainability, 12(6), 2299. 
Kawanago, M., Takemura, S., Ishizuka, R., & Shioya, I. (2015). Dietary branched‑chain amino acid 
supplementation affects growth and hepatic insulin‑like growth factor gene expression in yellowtail, Seriola 
quinqueradiata. Aquaculture Nutrition, 21(1), 63-72. 
Kirchherr, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the circular economy: An analysis of 114 
definitions. Resources, conservation and recycling, 127, 221-232. 
Koch, F., Heuer, T., Krems, C., & Claupein, E. (2019). Meat consumers and non-meat consumers in 
Germany: A characterisation based on results of the German National Nutrition Survey II. Journal of 
nutritional science, 8 (21). 1-13. 
Komarnytsky, S., Retchin, S., Vong, C. I., & Lila, M. A. (2022). Gains and Losses of Agricultural Food 
Production: Implications for the Twenty-First Century. Annual Review of Food Science and Technology, 13, 
239-261. 
Krause, G.; Hörterer, C., Petereit, J. (2020): Report on consumer and stakeholder acceptance of eco-
intensification measures, including impact assessment of improved information availability. Deliverable 3.7. 
GAIN - Green Aquaculture INtensification in Europe. EU Horizon 2020 project grant nº. 773330. 74 pp. 
Kresic G., Dumic E., Loncaric D., Buneta A., Liovic N., Zrncic S., & Pleadin J. (2020). Factors affecting 
consumers´ preferences for products from aquaculture. Croatian journal of food science and technology, 
12(2), 287-295. 
Kwasny, T., Dobernig, K., & Riefler, P. (2022). Towards reduced meat consumption: A systematic literature 
review of intervention effectiveness, 2001–2019. Appetite, 168, 105739. 
Kymäläinen, T., Seisto, A., & Malila, R. (2021). Generation Z food waste, diet and consumption habits: A 
Finnish social design study with future consumers. Sustainability, 13(4), 2124. 
Lawley, M., Craig, J. F., Dean, D., & Birch, D. (2019). The role of seafood sustainability knowledge in seafood 
purchase decisions. British Food Journal. 
Lee, D. W., Song, J. A., Park, H. S., & Choi, C. Y. (2021). Circadian Rhythm Disturbances Due to Exposure 
to Acidified Conditions and Different Photoperiods in Juvenile Olive Flounder (Paralichthys olivaceus). 
Ocean Science Journal, 56(2), 198-206. 
Legeza, D. G., Brunner, T., Kerimova, Y. K., Kulish, T. V., & Konovalenko, A. S. (2019). A model of 
consumer buying behavior in relation to eco-intelligent products in catering. Innovative Marketing, 15(1), 
54-65. 
Levin, S. A. (2013). Encyclopedia of Biodiversity. Elsevier Science. 
Liu, X. H., Teles, M., Tvarijonaviciute, A., Brandts, I., Zhang, Y. G., Tort, L., & Balasch, J. C. (2022). Immune 
and stress regulation under light and dark conditions in both central neuroendocrine and peripheral tissues 
of gilthead seabream (Sparus aurata) after vaccination. Aquaculture, 738602. 
Llagostera, P. F., Kallas, Z., Reig, L., & De Gea, D. A. (2019). The use of insect meal as a sustainable 
feeding alternative in aquaculture: Current situation, Spanish consumers’ perceptions and willingness to pay. 
Journal of Cleaner Production, 229, 10-21. 
Llorente, I., Fernández-Polanco, J., Baraibar-Diez, E., Odriozola, M. D., Bjørndal, T., Asche, F. & Basurco, 
B. (2020). Assessment of the economic performance of the seabream and seabass aquaculture industry in 
the European Union. Marine Policy, 117, 103876. 
Loaiza, I., De Boeck, G., & De Troch, M. (2022). Peruvian marine ecosystems under metal contamination: 
First insights for marine species consumption and sustainable management. Science of The Total 
Environment, 154132. 
Long, L., Zhang, H., Ni, Q., Liu, H., Wu, F., & Wang, X. (2019). Effects of stocking density on growth, stress, 
and immune responses of juvenile Chinese sturgeon (Acipenser sinensis) in a recirculating aquaculture 
system. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 219, 25-34. 



References 

133 

 

 

 
Longhurst, R. (2004). "Semi-structured Interviews and Focus Groups." Key Methods in Geography. 
Lopes, A. C. C., de Souza Gonçalves, J., de Mattos, B. O., Marcon, J. L., Sánchez‑Vázquez, F. J., de Alba, 
G., & Carvalho, T. B. (2022). Daily rhythm of some blood parameters in two Amazonian fish, Astronotus 
ocellatus and Brycon amazonicus. Aquaculture Research. 
López-Olmeda, J. F., Montoya, A., Oliveira, C., & Sánchez-Vázquez, F. J. (2009). Synchronization to light 
and restricted-feeding schedules of behavioral and humoral daily rhythms in gilthead sea bream (Sparus 
aurata). Chronobiology international, 26(7), 1389-1408. 
Lucas, S., Salladarré, F., & Brécard, D. (2018). Green consumption and peer effects: does it work for seafood 
products?. Food Policy, 76, 44-55. 
Lulijwa, R., Rupia, E. J., & Alfaro, A. C. (2020). Antibiotic use in aquaculture, policies and regulation, health 
and environmental risks: a review of the top 15 major producers. Reviews in Aquaculture, 12(2), 640-663. 
Luthada-Raswiswi, R., Mukaratirwa, S., & O’Brien, G. (2021). Animal protein sources as a substitute for 
fishmeal in aquaculture diets: A systematic review and meta-analysis. Applied sciences, 11(9), 3854. 
Lyach, R., & Čech, M. (2018). A new trend in Central European recreational fishing: More fishing visits but 
lower yield and catch. Fisheries Research, 201, 131-137. 
Macias, S., Kirma, J., Yilmaz, A., Moore, S. E., McKinley, M. C., McKeown, P. P., Woodside J. V., Graham 
S. F. & Green, B. D. (2019). Application of 1H-NMR metabolomics for the discovery of blood plasma 
biomarkers of a Mediterranean diet. Metabolites, 9(10), 201. 
Madin, E. M., & Macreadie, P. I. (2015). Incorporating carbon footprints into seafood sustainability 
certification and eco-labels. Marine Policy, 57, 178-181. 
Maesano, G., Di Vita, G., Chinnici, G., Pappalardo, G., & D’Amico, M. (2020). The role of credence attributes 
in consumer choices of sustainable fish products: A review. Sustainability, 12(23), 10008. 
Mahamud, A. S. U., Anu, M. S., Baroi, A., Datta, A., Khan, M. S. U., Rahman, M., Tabassum T., Tanwi J. 
T. & Rahman, T. (2022). Microplastics in fishmeal: A threatening issue for sustainable aquaculture and 
human health. Aquaculture Reports, 25, 101205. 
Malcorps W, Newton R, Little D. (2020) Valorisation of fish by-products. Deliverable 2.7. GAIN - Green 
Aquaculture INtensification in Europe. EU Horizon 2020 project grant nº. 77330. 41 pp. INtensification in 
Europe. EU Horizon 2020 project grant nº. 773330. 41 pp. 
Mangano, M. C., Berlino, M., Corbari, L., Milisenda, G., Lucchese, M., Terzo, S., M. Bosch-Belmar M., Azaza 
M.S., Babarro J.M.F., Bakiu R., Broitman B.R., Buschmann A.H., R. Christofoletti R., Dong Y., Glamuzina 
B., Luthman O., Makridis P., Nogueira A.J.A., Palomo M.G., Dineshram R., Sanchez-Jerez P., Sevgili H., 
Troell M., AbouelFadl K.Y., Azra M.N., Britz P., Carrington E., Celić I., Choi F., Qin C., Dionísio M.A., 
Dobroslavić T., Galli l P., Giannetto D., Grabowski J.H., Helmuth B., Lebata-Ramos M.J.H., Lim P.T., Liu Y., 
Llorens S.M., Mirto S., Pećarević M., Pita C., Ragg N., Ravagnan E., Saidi D., Schultz K., Shaltout M., Tan 
S.H., Thiyagarajan V., & Sarà, G. (2022). The aquaculture supply chain in the time of covid-19 pandemic: 
Vulnerability, resilience, solutions and priorities at the global scale. Environmental science & policy, 127, 
98-110. 
Martins, C. I. M., Eding, E. H., Verdegem, M. C., Heinsbroek, L. T., Schneider, O., Blancheton, J. P., 
d’Orbcastel E. R. & Verreth, J. A. J. (2010). New developments in recirculating aquaculture systems in 
Europe: A perspective on environmental sustainability. Aquacultural engineering, 43(3), 83-93. 
Martos-Sitcha, J. A., Mancera, J. M., Prunet, P., & Magnoni, L. J. (2020). Welfare and stressors in fish: 
Challenges facing aquaculture. Frontiers in Physiology, 11, 162. 
Menozzi, D., Nguyen, T. T., Sogari, G., Taskov, D., Lucas, S., Castro-Rial, J. L. S., & Mora, C. (2020). 
Consumers’ preferences and willingness to pay for fish products with health and environmental labels: 
Evidence from five European countries. Nutrients, 12(9), 2650. 
Mirto, S., Montalto, V., Mangano, M. C. M., Ape, F., Berlino, M., La Marca, C., Lucchese M., Marichiolo G., 
Martinez M., Rinaldi A., Terzo S. M. C., Celic I. & Sarà, G. (2022). The stakeholder's perception of socio-
economic impacts generated by COVID-19 pandemic within the Italian aquaculture systems. Aquaculture, 
553, 738127. 
Mizuta, D. D., Froehlich, H. E., & Wilson, J. R. (2022). The changing role and definitions of aquaculture for 
environmental purposes. Reviews in Aquaculture, https://doi.org/10.1111/raq.12706 



References 

134 

 

 

 
Mog, M., Ngasotter, S., Tesia, S., Waikhom, D., Panda, P., Sharma, S., & Varshney, S. (2020). Problems 
of antibiotic resistance associated with oxytetracycline use in aquaculture: A review. J. Entomol. Zool. Stud, 
8, 1075-1082. 
Montero, R., Strzelczyk, J. E., Tze Ho Chan, J., Verleih, M., Rebl, A., Goldammer, T., Köllner, B. & Korytář, 
T. (2019). Dawn to dusk: Diurnal rhythm of the immune response in rainbow trout (Oncorhynchus mykiss). 
Biology, 9(1), 8. 
Mori, T. A., Beilin, L. J., Burke, V., Morris, J., & Ritchie, J. (1997). Interactions between dietary fat, fish, and 
fish oils and their effects on platelet function in men at risk of cardiovascular disease. Arteriosclerosis, 
thrombosis, and vascular biology, 17(2), 279-286. 
Mungkung, R., Udo de Haes, H., & Clift, R. (2006). Potentials and limitations of life cycle assessment in 
setting ecolabelling criteria: A case study of thai shrimp aquaculture product (5 pp). The International Journal 
of Life Cycle Assessment, 11(1), 55-59. 
Muñoz-Lechuga, R., Sanz-Fernández, V., & Cabrera-Castro, R. (2018). An overview of freshwater and 
marine finfish aquaculture in Spain: Emphasis on regions. Reviews in Fisheries Science & Aquaculture, 
26(2), 195-213. 
Nagarajan, D., Varjani, S., Lee, D. J., & Chang, J. S. (2021). Sustainable aquaculture and animal feed from 
microalgae–Nutritive value and techno-functional components. Renewable and Sustainable Energy 
Reviews, 150, 111549. 
Napier, J. A., Haslam, R. P., Olsen, R. E., Tocher, D. R., & Betancor, M. B. (2020). Agriculture can help 
aquaculture become greener. Nature Food, 1(11), 680-683. 
Naylor, R. L., Hardy, R. W., Buschmann, A. H., Bush, S. R., Cao, L., Klinger, D. H., Little D. C. Lubchenco 
J., Shumway S. E. & Troell, M. (2021). A 20-year retrospective review of global aquaculture. Nature, 
591(7851), 551-563. 
Nikkhah, A. (2015). Manipulating aquaculture circadian biology: a mounting science. Journal of 
FisheriesSciences. com, 9(2), 032-035. 
Oddsson, G. V. (2020). A definition of aquaculture intensity based on production functions—The 
aquaculture production intensity scale (APIS). Water, 12(3), 765. 
Omasaki, S. K., Janssen, K., Besson, M., & Komen, H. (2017). Economic values of growth rate, feed intake, 
feed conversion ratio, mortality and uniformity for Nile tilapia. Aquaculture, 481, 124- 132. 
Oostlander, P. C., van Houcke, J., Wijffels, R. H., & Barbosa, M. J. (2020). Microalgae production cost in 
aquaculture hatcheries. Aquaculture, 525, 735310. 
Owsianiak, M., Pusateri, V., Zamalloa, C., de Gussem, E., Verstraete, W., Ryberg, M., & Valverde- Pérez, B. 
(2022). Performance of second-generation microbial protein used as aquaculture feed in relation to 
planetary boundaries. Resources, Conservation and Recycling, 180, 106158. 
Pal, J., Shukla, B. N., Maurya, A. K., Verma, H. O., Pandey, G., & Amitha, A. (2018). A review on role of fish 
in human nutrition with special emphasis to essential fatty acid. International Journal of Fisheries and 
Aquatic Studies, 6(2), 427-430. 
Pankhurst, N. W. (2011). The endocrinology of stress in fish: an environmental perspective. General and 
comparative endocrinology, 170(2), 265-275. 
Pariona-Velarde, D., Maza-Ramírez, S., & Ayala Galdos, M. (2020). Nutritional characteristics of a Peruvian 
anchovy (Engraulis ringens) protein concentrate. Journal of Aquatic Food Product Technology, 29(7), 707-
719. 
Patle, G. T., Kharpude, S. N., Dabral, P. P., & Kumar, V. (2020). Impact of organic farming on sustainable 
agriculture system and marketing potential: A review. International Journal of Environment and Climate 
Change, 10(11), 100-120. 
Pauly, D. What Netflix’s Seaspiracy gets wrong about fishing, explained by a marine biologist. Vox (13 April 
2021); https://go.nature.com/331ioiQ 
Pereira, H., Sardinha, M., Santos, T., Gouveia, L., Barreira, L., Dias, J., & Varela, J. (2020). Incorporation 
of defatted microalgal biomass (Tetraselmis sp. CTP4) at the expense of soybean meal as a feed ingredient 
for juvenile gilthead seabream (Sparus aurata). Algal Research, 47, 101869. 
Petereit, J., Hoerterer, C., & Krause, G. (2022) a. Country-specific food culture and scientific knowledge 
transfer events–Do they influence the purchasing behaviour of seafood products?. Aquaculture, 560, 
738590. 
Petereit, J., Hoerterer, C., Bischoff-Lang, A. A., Conceição, L. E., Pereira, G., Johansen, J., Pastres R. & 
Buck, H. B. (2022) b. Adult European Seabass (Dicentrarchus labrax) Perform Well on Alternative Circular-
Economy-Driven Feed Formulations. Sustainability, 14(12), 7279. 



References 

135 

 

 

 
Pieniak, Z., Verbeke, W., Perez-Cueto, F., Brunsø, K., & De Henauw, S. (2008). Fish consumption and its 
motives in households with versus without self-reported medical history of CVD: A consumer survey from 
five European countries. BMC Public Health, 8(1), 1-14. 
Pilorz, V., Helfrich-Förster, C., & Oster, H. (2018). The role of the circadian clock system in physiology. 
Pflügers Archiv-European Journal of Physiology, 470(2), 227-239. 
Potter, C., Bastounis, A., Hartmann-Boyce, J., Stewart, C., Frie, K., Tudor, K., Bianchi F., Cartwright E., 
Cook B., Rayner M. & Jebb, S. A. (2021). The effects of environmental sustainability labels on selection, 
purchase, and consumption of food and drink products: a systematic review. Environment and behavior, 
53(8), 891-925. 
Pratiwy, F. M., Pratiwi, D. Y., & Kohbara, J. (2021). Machinery feeding development for sustainable 
aquaculture: Self-feeding system. 
Prokkola, J. M., & Nikinmaa, M. (2018). Circadian rhythms and environmental disturbances– underexplored 
interactions. Journal of Experimental Biology, 221(16), jeb179267. 
Pulcini, D., Franceschini, S., Buttazzoni, L., Giannetti, C., & Capoccioni, F. (2020). Consumer preferences 
for farmed seafood: an Italian case study. Journal of Aquatic Food Product Technology, 29(5), 445-460. 
Pyanov, D. (2021, March). A review of the cultivation potential of turbot (Scophthalmus maximus (L.)) in the 
Baltic Sea region: a promising candidate species for marine aquaculture in Russia. In IOP Conference 
Series: Earth and Environmental Science (Vol. 689, No. 1, p. 012040). IOP Publishing. 
Ramsay, J. M., Feist, G. W., Varga, Z. M., Westerfield, M., Kent, M. L., & Schreck, C. B. (2009). Whole-
body cortisol response of zebrafish to acute net handling stress. Aquaculture, 297(1-4), 157-162. 
Raworth, K. (2017). Doughnut economics: seven ways to think like a 21st-century economist. Chelsea 
Green Publishing. 
Richards, J., & Gumz, M. L. (2013). Mechanism of the circadian clock in physiology. American Journal of 
Physiology-Regulatory, Integrative and Comparative Physiology, 304(12), R1053- R1064. 
Richter, I. G., & Klöckner, C. A. (2017). The psychology of sustainable seafood consumption: A 
comprehensive approach. Foods, 6(10), 86. 
Rico, A., Vighi, M., Van den Brink, P. J., ter Horst, M., Macken, A., Lillicrap, A., Falconer L. & Telfer, T. C. 
(2019). Use of models for the environmental risk assessment of veterinary medicines in European 
aquaculture: current situation and future perspectives. Reviews in Aquaculture, 11(4), 969-988. 
Rigos, G., Kogiannou, D., Padrós, F., Cristofol, C., Florio, D., Fioravanti, M., & Zarza, C. (2021). Best 
therapeutic practices for the use of antibacterial agents in finfish aquaculture: A particular view on European 
seabass (Dicentrarchus labrax) and gilthead seabream (Sparus aurata) in Mediterranean aquaculture. 
Reviews in aquaculture, 13(3), 1285-1323. 
Risius, A., Janssen, M., & Hamm, U. (2017). Consumer preferences for sustainable aquaculture products: 
Evidence from in-depth interviews, think aloud protocols and choice experiments. Appetite, 113, 246-254. 
Risius, A., Hamm, U., & Janssen, M. (2019). Target groups for fish from aquaculture: Consumer 
segmentation based on sustainability attributes and country of origin. Aquaculture, 499, 341-347. 
Rocha, C. P., Cabral, H. N., Marques, J. C., & Gonçalves, A. M. (2022). A Global Overview of Aquaculture 
Food Production with a Focus on the Activity’s Development in Transitional Systems—The Case Study of 
a South European Country (Portugal). Journal of Marine Science and Engineering, 10(3), 417. 
Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., Lambin, E. F., Lenton T. M., Scheffer M., 
Folke C., Schellnhuber H. J., Nykvist B., de Wit C. A., Hughes T., van der Leeuw S., Rodhe H., SörlinS., 
Snyder P. K., Costanza R., Svedin U., Falkenmark M., Karlberg L., Corell R. W., Fabry V. J., Hansen J., 
Walker B., Liverman D., Richardson K., Crutzen P. & Foley, J. A. (2009). A safe operating space for 
humanity. nature, 461(7263), 472-475. 
Roques, S., Deborde, C., Richard, N., Skiba‑Cassy, S., Moing, A., & Fauconneau, B. (2020). Metabolomics 
and fish nutrition: a review in the context of sustainable feed development. Reviews in Aquaculture, 12(1), 
261-282. 
Ruiz, P., Vidal, J. M., Sepúlveda, D., Torres, C., Villouta, G., Carrasco, C., Aguilera F., Ruiz-Tagle 
N. & Urrutia, H. (2020). Overview and future perspectives of nitrifying bacteria on biofilters for recirculating 
aquaculture systems. Reviews in Aquaculture, 12(3), 1478-1494. 



References 

136 

 

 

 
Saari, U. A., Herstatt, C., Tiwari, R., Dedehayir, O., & Mäkinen, S. J. (2021). The vegan trend and the 
microfoundations of institutional change: A commentary on food producers’ sustainable innovation 
journeys in Europe. Trends in food science & technology, 107, 161-167. 
Sachs, J., Kroll, C., Lafortune, G., Fuller, G., & Woelm, F. (2021). Sustainable development report 2021. 
Cambridge University Press. 
Saiz, N., Gómez-Boronat, M., De Pedro, N., Delgado, M. J., & Isorna, E. (2021). The lack of light- dark and 
feeding-fasting cycles alters temporal events in the goldfish (Carassius auratus) stress axis. Animals, 11(3), 
669. 
Sakai, M., Hikima, J. I., & Kono, T. (2021). Fish cytokines: current research and applications. Fisheries 
Science, 87(1), 1-9. 
Salamanca, N., Giráldez, I., Morales, E., de La Rosa, I., & Herrera, M. (2020). Phenylalanine and tyrosine 
as feed additives for reducing stress and enhancing welfare in gilthead seabream and meagre. Animals, 
11(1), 45. 
Samuelson, L. M., Förlin, L., Karlsson, G., Adolfsson-Erici, M., & Larsson, D. J. (2006). Using NMR 
metabolomics to identify responses of an environmental estrogen in blood plasma of fish. Aquatic 
toxicology, 78(4), 341-349. 
Sánchez-Vázquez, F. J., López-Olmeda, J. F., Vera, L. M., Migaud, H., López-Patiño, M. A., & Míguez, J. 
M. (2019). Environmental cycles, melatonin, and circadian control of stress response in fish. Frontiers in 
endocrinology, 10, 279. 
Santos, F. A., Boaventura, T. P., da Costa Julio, G. S., Cortezzi, P. P., Figueiredo, L. G., Favero, 
G. C., Almeida Palheta G. D., Alves Correia de Melo N. F. & Luz, R. K. (2021). Growth performance and 
physiological parameters of Colossoma macropomum in a recirculating aquaculture system (RAS): 
Importance of stocking density and classification. Aquaculture, 534, 736274. 
Sapkota, A., Sapkota, A. R., Kucharski, M., Burke, J., McKenzie, S., Walker, P., & Lawrence, R. (2008). 
Aquaculture practices and potential human health risks: current knowledge and future priorities. 
Environment international, 34(8), 1215-1226. 
Schlag, A. K., & Ystgaard, K. (2013). Europeans and aquaculture: perceived differences between wild and 
farmed fish. British Food Journal. 
Scheiermann, C., Kunisaki, Y., & Frenette, P. S. (2013). Circadian control of the immune system. 
Nature Reviews Immunology, 13(3), 190-198. 
Schreck, C. B., & Tort, L. (2016). The concept of stress in fish. In Fish physiology (Vol. 35, pp. 1- 34). 
Academic Press. 
Shakoori, M., Hoseinifar, S. H., Paknejad, H., Jafari, V., & Safari, R. (2018). The effects of dietary lysozyme 
on growth performance and haematological indices of rainbow trout (Oncorhynchus mykiss) fingerling. 
International Journal of Aquatic Biology, 6(1), 31-36. 
Siddik, M. A., Howieson, J., Fotedar, R., & Partridge, G. J. (2021). Enzymatic fish protein hydrolysates in 
finfish aquaculture: a review. Reviews in Aquaculture, 13(1), 406-430. 
Skouras, A., Broeg, K., Dizer, H., von Westernhagen, H., Hansen, P. D., & Steinhagen, D. (2003). 
The use of innate immune responses as biomarkers in a programme of integrated biological effects 
monitoring on flounder (Platichthys flesus) from the southern North Sea. Helgoland Marine Research, 
57(3), 190-198. 
Smith, N. C., Rise, M. L., & Christian, S. L. (2019). A comparison of the innate and adaptive immune 
systems in cartilaginous fish, ray-finned fish, and lobe-finned fish. Frontiers in immunology, 10, 2292. 
Song, Q., Xiao, Y., Xiao, Z., Liu, T., Li, J., Li, P., & Han, F. (2021). Lysozymes in Fish. Journal of Agricultural 
and Food Chemistry, 69(50), 15039-15051. 
Steffen, W., Richardson, K., Rockström, J., Cornell, S. E., Fetzer, I., Bennett, E. M., Biggs R., Carpenter S. 
R., de Vries W., de Wit C. A., Folke C., Gerten D., Heinke J., Mace G. M., Persson 
L. M., Ramanathan V., Reyers B. & Sörlin, S. (2015). Planetary boundaries: Guiding human development 
on a changing planet. science, 347(6223), 1259855. 
Steinsholm, S., Oterhals, Å., Underhaug, J., Måge, I., Malmendal, A., & Aspevik, T. (2020). Sensory 
assessment of fish and chicken protein hydrolysates. Evaluation of NMR metabolomics profiling as a new 
prediction tool. Journal of agricultural and food chemistry, 68(12), 3881-3890. 
Stien, L. H., Bracke, M., Noble, C., & Kristiansen, T. S. (2020). Assessing fish welfare in aquaculture. In 
The welfare of fish (pp. 303-321). Springer, Cham. 
Su, C. H. J., Tsai, C. H. K., Chen, M. H., & Lv, W. Q. (2019). US sustainable food market generation 
Z consumer segments. Sustainability, 11(13), 3607. 



References 

137 

 

 

 
Subbotkin, M. F., & Subbotkina, T. A. (2021). Seasonal Dynamics of Lysozyme in the Pike Esox lucius L. 
in Rybninsk Reservoir. Biology Bulletin, 48(6), 777-782. 
Szendrő, K., Nagy, M. Z., & Tóth, K. (2020). Consumer acceptance of meat from animals reared on insect 
meal as feed. Animals, 10(8), 1312. 
Tavares, L. C., Palma, M., Silva, E., Henriques, L. F., Silva-Brito, F., Ozório, R., Magnoni L. J. & Viegas, I. 
(2022). Towards a semi-automated analysis of fish plasma by 1H NMR metabolomics- applications to 
aquaculture. Aquaculture, 552, 738028. 
Teles, A. O., Couto, A., Enes, P., & Peres, H. (2020). Dietary protein requirements of fish–a meta‑ analysis. 
Reviews in Aquaculture, 12(3), 1445-1477. 
Thong, N. T., & Solgaard, H. S. (2017). Consumer’s food motives and seafood consumption. Food Quality 
and Preference, 56, 181-188. 
Tocher, D. R., Betancor, M. B., Sprague, M., Olsen, R. E., & Napier, J. A. (2019). Omega-3 long- chain 
polyunsaturated fatty acids, EPA and DHA: bridging the gap between supply and demand. Nutrients, 11(1), 
89. 
Toni, M., Manciocco, A., Angiulli, E., Alleva, E., Cioni, C., & Malavasi, S. (2019). Assessing fish welfare in 
research and aquaculture, with a focus on European directives. Animal, 13(1), 161-170. 
United Nations. Sustainable Consumption and Production. Available online: 
https://sustainabledevelopment. un.org/topics/sustainableconsumptionandproduction (accessed on 04 July 
2022). 
UN-SDGs. United Nations Sustainable Development Goals Platform. 2019. Available online: 
https://sdgs.un.org/goals#goals (accessed on 26 June 2022). 
Valenzuela, A., Rodríguez, I., Schulz, B., Cortés, R., Acosta, J., Campos, V., & Escobar-Aguirre, 
S. (2022). Effects of Continuous Light (LD24: 0) Modulate the Expression of Lysozyme, Mucin and 
Peripheral Blood Cells in Rainbow Trout. Fishes, 7(1), 28. 
Vandeputte, M., Gagnaire, P. A., & Allal, F. (2019). The European sea bass: a key marine fish model in the 
wild and in aquaculture. Animal genetics, 50(3), 195-206. 
Van Herpen, E., & Van Trijp, H. C. (2011). Front-of-pack nutrition labels. Their effect on attention and choices 
when consumers have varying goals and time constraints. Appetite, 57(1), 148-160. 
Verbeke, W., I. Sioen, K. Brunsø, S. De Henauw and J. Van Camp (2007). "Consumer perception versus 
scientific evidence of farmed and wild fish: exploratory insights from Belgium." Aquaculture International 
15(2): 121-136. 
Villar-Navarro, E., Garrido-Perez, C., & Perales, J. A. (2021). Recycling “waste” nutrients back into RAS 
and FTS marine aquaculture facilities from the perspective of the circular economy. Science of The Total 
Environment, 762, 143057. 
Vinayak, S., & Arora, A. K. (2018). Social anxiety and peer pressure as predictors of materialism among 
adolescents. IMPACT: International Journal of Research in Humanities, Arts and Literature, 6(6), 513-524. 
Vis, H. V. D., Kolarevic, J., Stien, L. H., Kristiansen, T. S., Gerritzen, M., Braak, K. V. D., Abbink W., 
B.Sæther & Noble, C. (2020). Welfare of farmed fish in different production systems and operations. In The 
welfare of fish (pp. 323-361). Springer, Cham. 
Wang, R., Zhang, Y., Xia, W., Qu, X., Xin, W., Guo, C., Bowker J. & Chen, Y. (2018). Effects of aquaculture 
on lakes in the Central Yangtze River Basin, China, I. water quality. North American Journal of Aquaculture, 
80(3), 322-333. 
Wendelaar Bonga, S. E. (1997). The stress response in fish. Physiological reviews, 77(3), 591- 625. 
Wiedmann, T., & Lenzen, M. (2018). Environmental and social footprints of international trade. Nature 
Geoscience, 11(5), 314-321. 
Wien, A., Alm, S., & Altintzoglou, T. (2020). The role of identity and gender in seafood cooking skills. British 
Food Journal. 
Wilfart, A., Prudhomme, J., Blancheton, J. P., & Aubin, J. (2013). LCA and emergy accounting of 
aquaculture systems: Towards ecological intensification. Journal of environmental management, 121, 96-
109. 
Willer, D. F., Robinson, J. P., Patterson, G. T., & Luyckx, K. (2022). Maximising sustainable nutrient 
production from coupled fisheries-aquaculture systems. PLOS Sustainability and Transformation, 1(3), 
e0000005. 
Wongprawmas, R., Sogari, G., Gai, F., Parisi, G., Menozzi, D., & Mora, C. (2022). How information influences 
consumers' perception and purchasing intention for farmed and wild fish. Aquaculture, 547, 737504. 



References 

138 

 

 

 
Wu, L., Wang, Y., Li, J., Song, Z., Xu, S., Song, C., Han M., Zhao H., Zhou L., Wang Y., Li X. & Yue, X. 
(2021). Influence of light spectra on the performance of juvenile turbot (Scophthalmus maximus). 
Aquaculture, 533, 736191. 
Xiao, R., Wei, Y., An, D., Li, D., Ta, X., Wu, Y., & Ren, Q. (2019). A review on the research status and 
development trend of equipment in water treatment processes of recirculating aquaculture systems. 
Reviews in Aquaculture, 11(3), 863-895. 
Yamamoto, T., Shima, T., & Furuita, H. (2004). Antagonistic effects of branched-chain amino acids induced 
by excess protein-bound leucine in diets for rainbow trout (Oncorhynchus mykiss). Aquaculture, 232(1-4), 
539-550. 
Yang, M., Ren, B., Qiao, L., Ren, B., Hu, Y., Zhao, R., ... & Du, J. (2018). Behavior responses of zebrafish 
(Danio rerio) to aquatic environmental stresses in the characteristic of circadian rhythms. Chemosphere, 
210, 129-138. 
Yi, S. (2019). Willingness-to-pay for sustainable aquaculture products: Evidence from Korean red seabream 
aquaculture. Sustainability, 11(6), 1577. 
Young, T., & Alfaro, A. C. (2018). Metabolomic strategies for aquaculture research: a primer. Reviews in 
Aquaculture, 10(1), 26-56. 
Ytrestøyl, T., Takle, H., Kolarevic, J., Calabrese, S., Timmerhaus, G., Rosseland, B. O., Teien H. C, Nilsen 
T. O., Handeland S. O., Stefansson S. O., Ebbesson L. O. E. & Terjesen, B. F. (2020). Performance and 
welfare of Atlantic salmon, Salmo salar L. post‑smolts in recirculating aquaculture systems: Importance of 
salinity and water velocity. Journal of the World Aquaculture Society, 51(2), 373-392. 
Zajicek, P., Corbin, J., Belle, S., & Rheault, R. (2021). Refuting marine aquaculture myths, unfounded 
criticisms, and assumptions. Reviews in Fisheries Science & Aquaculture, 1-28. 
Zander, K., & Feucht, Y. (2018). Consumers’ willingness to pay for sustainable seafood made in Europe. 
Journal of international food & agribusiness marketing, 30(3), 251-275. 
Zeng, L., Ruan, M., Liu, J., Wilde, P., Naumova, E. N., Mozaffarian, D., & Zhang, F. F. (2019). Trends in 
processed meat, unprocessed red meat, poultry, and fish consumption in the United States, 1999-2016. 
Journal of the Academy of Nutrition and Dietetics, 119(7), 1085-1098. 
Zhang, Z., Gao, L., & Zhang, X. (2022). Environmental enrichment increases aquatic animal welfare: A 
systematic review and meta‑analysis. Reviews in Aquaculture. 
Zheng, X., Zhang, K., Zhao, Y., & Fent, K. (2021). Environmental chemicals affect circadian rhythms: 
An underexplored effect influencing health and fitness in animals and humans. Environment 
International, 149, 106159. 
Zuo, Y., Zhang, K., Xu, S., Law, R., Qiu, Q., & Zhang, M. (2022). What kind of food can win Gen Z’s favor? 
A mixed methods study from China. Food Quality and Preference, 98, 104522. 



References 

139 

 

 

 



References 

140 

 

 

 



Acknowledgements 

141 

 

 

 

 Acknowledgements 
 
 

I would like to thank many people who supported me during the pandemic and the 
one or other personal crisis with their expertise, their knowledge in different areas 
of life, many kind words and even more coffee and snacks. I thank everyone who 
was part of this incredible and often crazy journey! 
 
First and foremost, I would like to thank my supervisor Prof. Dr. Bela Hieronymus Buck. 
Thank you for the opportunity to write this dissertation, your patience during my doctoral 
studies, the support and ideas in not ideal times (especially in the first three years in terms 
of "never-before-seen situations"), and of course for reviewing this dissertation and being 
a member of my examination committee. Thank you for not giving up on me. 
 
Dr. Gesche Krause for her women empowerment, nice words and support with the almost 
never-ending social paper. As well as being part of my PhD committee. Thank you. 
 
Dr. Adrian Bischoff-Lang for all your helpful advices, kind words of encouragement and 
fast replies when i needed them the most. As well as being part of my PhD and 
examination committee. Thank you. 
 
Prof. Dr. Maarten Boersma for being a great support in the "never-before-seen situations" 
and all the tries to make things work for me and the financial support. Thank you. 
 
Sabine Strieben for being the best technician i could have asked for. You always helped 
me with everything and together with Ute Marx, made the impossible, possible. Thank 
you. 
 
For helping to collect the samples, I thank everyone who showed patience in collecting 
blood, scales, fins, and various organs while getting soaking wet in both winter and 
summer. Especially Christina, Aaron, Jonas, and Stephan. Many members of the ZAF I 
thank for their personal and technical support, especially Gregor, Jörn, Raiko and Kai. 
 
And I would especially like to thank the ecophysiology group for supporting me not only 
with expertise and the NMR, but also for many very pleasant coffee breaks and a lot of 
moral support after numerous successful and unsuccessful hours of sample preparation 
and analysis, especially Christian, Gisella, Rolf, Nicky and Anettte. Thank you. 
 
I would also like to give special thanks to Nina, who opened her office for me and provided 
me not only with asylum, but also with many liters of coffee, cake, and moral support, as 
well as her time in my PhD colloquium. Many thanks! 
 
 
Above all, I thank my family for their unconditional and loving support all along the way. 



Acknowledgements 

142 

 

 

 
My parents, who encouraged me to find my personal and academic path freely, who 
constantly supported me morally and financially, and who were always by my side. Danke, 
Mama und Papa, dass ihr immer zu mir gestanden habt und auch in den besonders 
schwierigen Jahren 2020/2021 nicht aufgehört habt, mich zu unterstützen. Ich weiß eure 
Liebe zu mir sehr zu schätzen und weiß, dass es keine Selbstverständlichkeit ist, so tolle 
Eltern zu haben. Ich bin euch aus tiefstem Herzen dankbar und könnte mir keine besseren 
Eltern wünschen. Ich liebe euch. 
 
Jana and Lisa - there are no words for all the love, encouragement, sushi, mojitos and 
support you have given me every step of the way. Thank you from the bottom of my heart 
for seeing who I really am, especially during the times I couldn't. Without you guys, I 
wouldn't be standing here right now. Thank you for being the sisters I never had. 
 
Stephan, thank you for being there for me since I graduated with my bachelor's degree, 
for understanding the pressure I was under, for the helpful (and unhelpful) tips, hours of 
skype conversations, for reading my thesis, and for giving me emotional support, coffee 
and beer. Thank you for being my best friend! 
 
In addition, I would like to thank Kristina and Erik for reading my thesis and for their 
support during the last hard weeks. Thank you! 
 
And I want to thank my girls from Faro, Maria, Anni and Cynthia, who stood by me all 
these years, understood my situation and were never angry with me when I took longer 
to answer. We met in Portugal, traveled to different countries, but our memories and 
conversations will always connect us. Thank you. A special thanks to Maria, who helped 
me a lot in the last 2 weeks with moral extra support and checked my thesis on (very) 
short notice. Thank you! 
 
And last but not least, I want to thank Marvin for showing me what a healthy relationship 
looks like. You supported me through all my crazy, stressful phases, gave me food and 
hugs when I needed them the most, and encouraged me to never quit. I am truly blessed 
to have you in my life. I thank you and I look forward to all the adventures we have yet to 
share together. 



Acknowledgements 

143 

 

 

 



Acknowledgements 

144 

 

 

 



Annex 

145 

 

 

 

 Annex 
Annex 1. Purchasing criteria poster 
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Annex 2. “Which fish do you like best”, species preference poster 

 
 
 
 
 
 
 
Annex 3: Diet formulation of the experimental diets (% dry weight). 

FPH: fish protein hydrolysates; I: iodine; Se: selenium; SHP: Salten Havbrukspark AS, partner that produced 
macroalgae; VPC: vegetable protein concentrate; YM: yeast meal; WU: Wageningen University, partner that 
produced microalgae. 
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Ingredients, % 

 
Control 

 
NO PAP 

 
PAP 

 
NO PAP+ 

 
PAP- 

Fishmeal Super Prime 10.00   15.00  
Fishmeal 60 (by-products) 5.00     
Krill meal    5.00  
Fish protein hydrolysate 3.00     
FPH-trout-head  0.50 0.50 0.50 0.50 
FPH-trout-tf  0.50 0.50 0.50 0.50 
FPH-turbot-head  0.25 0.25 0.25 0.25 
FPH-turbot-tf  0.75 0.75 0.75 0.75 
FPH-salmon-head  0.50 0.50 0.50 0.50 
FPH-salmon-tf  0.50 0.50 0.50 0.50 
Feather meal hydrolysate   5.00  10.00 
Porcine blood meal   2.25  5.00 
Poultry meal 10.00  14.00  20.00 
Insect meal (Hermetia 
illucens) 

 15.00 10.00 10.00  

Fermentation biomass 
(Corynebacterium 
glutamicum) 

  
5.00 

 
5.00 

 
2.50 

 

Fermentation biomass      
(Methylococcus capsulatus)  15.00 10.00 10.00  
Soy protein concentrate 4.40     
Pea protein concentrate  2.50  3.50  
Wheat gluten 6.00 1.50  1.50  
Corn gluten meal 6.00 1.50  1.50  
Soybean meal 48 15.00     
Sunflower meal 40  9.10  6.00 13.60 
Wheat meal 11.40 5.70 5.70 5.70 5.70 
Whole peas 4.00 11.13 16.36 9.14 14.44 
Pea starch (raw) 4.00 4.00 4.00 4.00 4.00 
Vit. and Min. Premix—WITH I and 
Se 1.00     

Vit. and Min. Premix—NO I and 
Se 

 1.00 1.00 1.00 1.00 

GAIN Macroalgae SHP  2.50 2.50 2.50 2.50 
GAIN Macroalgae SHP Se- rich  0.10 0.10 0.10 0.10 
GAIN Microalgae WUR Se- rich  0.20 0.20 0.20 0.20 
Vitamin E50 0.03 0.03 0.03 0.03 0.03 
Betaine HCl 0.10 0.10 0.10 0.10 0.10 
Antioxidant 0.25 0.25 0.25 0.25 0.25 
Sodium propionate 0.10 0.10 0.10 0.10 0.10 
Monoammonium phosphate 1.30 2.65 1.85 1.45 1.60 
L-Histidine  0.10    
L-Tryptophan 0.10 0.10 0.10  0.25 
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DL-Methionine 0.20 0.40 0.30 0.10 0.30 
L-Taurine  0.17 0.09 0.01 0.06 
Yttrium oxide 0.02 0.02 0.02 0.02 0.02 
Lecithin  0.25 0.25  0.25 
Fish oil 5.40 2.70 2.70 2.70 2.70 
Salmon oil  9.00 9.00 13.60 9.00 
Algae oil  1.00 1.00 1.00 1.00 
Rapeseed oil 12.70 5.90 5.10  4.80 
total 100.00 100.00 100.00 100.00 100.00 
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A B S T R A C T  
 

Translating the agricultural eco(logical)-intensification model to European aquaculture hosts the potential for

sustainably providing local food for local communities. Using online and printed surveys, we investigated the re-

lationship between social factors such as age, gender, and education to seafood consumption behavior and the

perception of aquaculture production. The frequency of seafood consumption was significantly lower in young

and female respondents, whereas respondents with a higher level of education consume more frequently. Fur-

thermore, high-frequency seafood consumers had a significant preference for wild-caught fish. Young and female

respondents also perceived sustainability of aquaculture lower, whereas the level of education had a significantly

positive relation to the attitude towards aquaculture. To foster the acceptance of eco-intensified aquaculture pro-

duction, we suggest that communication efforts need to be group-tailored, focusing on the reduced environmen- tal 

impacts, increased animal welfare, and novel products like seaweed to meet the values of the German con- sumer

groups. 
 

 

 

1. Introduction 
 
Sustainability, defined in the Brundtland (1987) report by the United 

Nations Commission as the use of resources to meet “the needs of the 

present without compromising the ability of future generations to meet 

their own needs”, has become an overarching concept in all as- pects of 

contemporary human life: ranging from mobility to resource production 

and consumption. In the light of the climate crisis, younger generations, 

as seen in the ‘Fridays for Future’ movement, are reinforc- ing this former 

call for a stronger balance by asking for more mindful- ness for their 

future among politicians and the older generations. As part of this 

sustainability movement, people in developed countries are increasingly 

choosing food according to its environmental (e.g. organic, carbon 

footprint, recyclable packaging), social (e.g. improvement of worker's 

welfare, access to health services, and school education), and economic 

(e.g. guaranteed minimum price and access to international markets) 

sustainability criteria that include aspects of animal welfare and local 

production (Annunziata and Scarpato, 2014; Lucas et al., 2021). 

Consumers' attitudes towards sustainable food are often based on 

personal values, perceived barriers and the confidence of informa- tion 

received (Corrin and Papadopoulos, 2017; Sanchez-Sabate and Sabaté, 

2019). Scientists have observed that especially ecology-

oriented, female and young consumers are more likely to shift to a meat-

reduced, vegetarian, or vegan lifestyle in western countries (Gvion, 2020; 

Kymalainen et al., 2021; Pribis et al., 2010). However, the effects of 

sustainability concerns among different consumer groups in relation to 

their seafood consumption are rarely studied. 

Seafood is often linked to cultural preferences (coastal communities vs. 

land), health beliefs, and consumption habits driven by respective cultural 

settings (childhood) (Carlucci et al., 2015; Jacobs et al., 2015). 

Furthermore, it is very diverse in terms of production method (wild vs. 

farmed) and in relation to the accessible variety of available species 

groups (finfish, shellfish, algae) (Carlucci et al., 2015; Laborde et al., 

2020). Food from the sea contributes 17% to the globally available ani- 

mal protein and in contrast to fisheries, aquaculture hosts a great poten- 

tial for sustainable growth (Costello et al., 2020). To achieve this in Eu- 

rope, where food production is dominated by agriculture, aquaculture 

production needs to be sustainably boosted, without compromising so- 

cial and economic benefits while reducing the impact on the environ- 

ment. This is timely, as for instance from the economic perspective the 

European Union (EU, 28 member states) has a trade deficit of 33% to 

date and relies heavily on the import of seafood from non-EU countries 

(EUMOFA, 2020) that renders the EU vulnerable in terms of marine food 

security. However, concepts on how to implement sustainable 
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more detail according to their influence on the response parameters be- 

low. Moreover, we discuss the implications of the subsample in relation to 

the direct influence of increased knowledge on the change of attitude 

towards aquaculture. 

Influence of social factors on seafood consumption behavior 

There appears to be a discrepancy between the voiced preference for wild 

fish and the actual higher consumption rate of farmed fish that somewhat 

mirrors the findings of López-Mas et al. (2021). Indeed, our results 

showed that preference for seafood of a certain production method (wild 

vs. farmed) was not influenced by age, gender, or educa- tion, but rather 

by the frequency of seafood consumption. High- frequency seafood 

consumers (respondents that consume seafood more than once a month) 

prefer wild seafood, while low-frequency seafood consumers (respondents 

that consume less than once a month) are more likely to have no 

preference. However, as seen in this study, Germans consume less 

frequently seafood (65% at least once a month) than the average 

European (70%), but expose the same preference for wild (31%) and 

aquaculture (9%) products (Eurobarometer, 2018). The younger age 

group of under 40 years (born after 1980) stated to con- sume seafood 

less frequently than the 40 years and older group, which is in contrast 

with the NSC (2019) report that stated that the fish con- sumption was 

higher in the younger age groups. By large, female re- spondents show 

similar preferences as the younger age groups, consum- ing less seafood. 

Furthermore, respondents with a high level of educa- tion are more likely 

to eat seafood at least once a month. This can be ex- plained by seafood 

usually being associated with a healthy lifestyle and especially more 

educated and older aged people have a better under- standing of the 

health benefits of certain products (Bjørndal et al., 2014), which leads in 

turn to a higher seafood consumption rate (Heuer et al., 2015). 

The result that younger and female respondents consume less seafood 

might be related to the increased awareness of environmental issues of 

food production and the modern lifestyle of Europeans (Kymalainen et 

al., 2021; Verbeke et al., 2007b). Several young and noteworthy especially 

female respondents stated that they do not con- sume seafood at all, which 

reflects the outcomes of the NSC (2019) re- port and the global trend of 

meat reduction due to moral and environ- mental reasons (Gvion, 2020; 

Koch et al., 2019; Pribis et al., 2010). In contrast to this observable trend 

among young age groups, it is note- worthy that especially in the older 

and more educated consumers, pos- sible health benefits, taste, and 

consumption habits might be an under- lying motivation for a prevailing 

high seafood consumption (Cantillo et al., 2021; Carlucci et al., 2015; 

Eurobarometer, 2018). 

4.1 Perception of sustainability and the attitude towards aquaculture 
 
In order to communicate the benefits of seafood produced in eco- 

intensified aquaculture production, we need to understand how the dif- 

ferent consumer groups perceive and interpret sustainability and the 

positive and negative dimensions of aquaculture production. Scientists 

are much more aware of the tradeoffs between the benefits and costs in 

the ecological, social, and economic dimensions of aquaculture produc- 

tion than the public (Bacher et al., 2014; Chu et al., 2010). The current 

prevailing societal narrative of aquaculture to date focuses more on the 

environmental dimensions of sustainability and to a much lesser extent 

on the social and economic domains (Freeman et al., 2012). The diver- 

sity of responses in this study showed that not only academic but also all 

social groups within a society (e.g. politicians, decision-makers, or- dinary 

citizens, children, etc.) need a better (common) understanding of 

sustainability. ‘Resources’ and ‘nature’ were most often mentioned as 

central definitions for sustainability, and surprisingly little attention was 

voiced on social (and economic) factors, rather only related to 

‘generation’, ‘food’ and ‘impact’. In this regard, science is expected to 

support and become involved in processes of social learning to comply 

with these new demands (Siebenhüner, 2004). However, the concept of 

sustainability, its dimensions, and its definition is complex and often 

viewed one-sided by different stakeholder groups (Béné et al., 2019; 

Lawley et al., 2019; Risius et al., 2017). For instance, economic stake- 

holders often focus on economic and environmental sustainability whilst 

neglecting the social dimension (Hoerterer et al., 2020). Similar to the 

findings of Lawley et al. (2019), the assumed greater involvement in the 

topic of seafood production of the scientific community was posi- tively 

related to the ranking of sustainability. 

This somewhat persistent narrow perception of sustainability in the public 

is reflected in the respondents' agreement with aquaculture statements. 

Public and science respondents alike mainly voiced nega- tive 

environmental concerns such as the degree of pollution of the ma- rine 

environment, use of antibiotics and other chemicals. This coincides with 

other studies, where environmental risks and impacts are noted to be a 

major concern and act as an ethical and moral barrier for consump- tion of 

aquaculture products (Bacher et al., 2014; Bergleiter and Meisch, 2015; 

Chu et al., 2010; Feucht and Zander, 2015; Mazur and Curtis, 2008). As 

shown in this study, the public is not as aware of social benefits of 

aquaculture such as social welfare (see Fig. 1) and food secu- rity (see 

Table 6) as the informed groups of scientists (Bacher et al., 2014; Krause 

et al., 2020; Schlag and Ystgaard, 2013). In Whitmarsh and Wattage 

(2006) the public perceived minimizing environmental 

damage as the most important objective in the salmon farming indus- 

try, whereas maintaining employment, improving product quality, 

avoiding conflicts with other resource users, and ensuring fair prices were 

perceived as less important with very little variations between the 

surveyed areas. Indeed, Aarset et al. (2004), Verbeke, et al. (2007b), and 

Feucht and Zander (2015) showed that there is a perception-reality gap 

between actual environmental impacts of aquaculture production and the 

health benefits and nutritional value of aquaculture products, rendering 

attitude towards aquaculture products more negative, espe- cially fish. 

In this study, the public respondents from Germany stressed the im- 

portance of health issues (“wild-caught fish is healthier than aquacul- ture 

fish”) and animal welfare as well as the price for the product. This links to 

the findings across Europe that health benefits and higher ani- mal 

welfare standards are a central driver for seafood purchase and 

consumption, but often negatively associated with aquaculture prod- ucts 

(Cantillo et al., 2021; Carlucci et al., 2015; Feucht and Zander, 2014; 

Rickertsen et al., 2017). Concerning the price of seafood, previ- ous 

studies have shown that high prices can be a barrier to seafood con- 

sumption (Carlucci et al., 2015). However, consumers of southern 

countries such as Portugal appear to be more willing to pay for sustain- 

able salmon, compared to consumers from Norway (Misund et al., 2020). 

In contrast, German consumers are less willing to pay more for 

sustainable products or will not purchase a product if the price is higher 

(Bronnmann and Hoffmann, 2018). However, improved information 

about animal welfare (Stubbe Solgaard and Yang, 2011), local, domes- tic, 

or European production (Zander and Feucht, 2017), or ‘natural’ 

production methods (Risius et al., 2017), such as pond aquaculture could 

increase the willingness to pay extra for sustainable aquaculture products. 

Despite that the younger age groups and female respondents from the 

public audience ranked the sustainability of aquaculture as low, the 

attitude towards aquaculture was overall positive (>50%). This is in 

contrast to previous studies where consumers from different countries 

and backgrounds had a more negative attitude towards aquaculture and 

aquaculture products (Rickertsen et al., 2017; Verbeke et al., 2007a). 

Respondents with higher education or science background have an even 

more positive attitude towards aquaculture. This suggests that a higher 

level of knowledge might lead to a positive attitude towards aquaculture, 

but its ripple effects on sustainable consumption behavior 
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are not clear (Almeida et al., 2015; Feucht and Zander, 2015; Richter and 

Klockner, 2017). 

In summary, the public needs improved knowledge on aquaculture 

production and the interwoven plurality of sustainability dimensions 

therein to order to understand the manifold processes that take place and 

how these are embedded in our economies, environment, and soci- eties. 

Such systemic worldviews offer scope towards transformative pathways 

of future marine food production across Europe. In its wake, forming 

linkages between different mindsets, worldviews, cultural be- lief systems 

of sustainability create both conceptual and cultural chal- lenges. 

4.2. Does information lead to informed choice? 
 
More often, consumers are rather driven by moral and ethical rea- sons 

in their seafood purchasing and consumption behavior, such as values 

and (culturally rooted) daily habits, than by scientific reasoning that 

acknowledges environmental, social, and economic benefits of lo- cal, 

domestic or European aquaculture (Schlag and Ystgaard, 2013). That said 

it is crucial to know how and in what ways improved scien- tific knowledge 

affects seafood-purchasing decisions. This will allow tailoring better 

communication pathways to inform about the benefits of eco-intensified 

aquaculture products that are based on scientific find- ings as well as 

endorsing the respective consumer's values, culture, and habits. 

In this study, the majority (77%) of the public respondents self- assessed 

to have a low level of knowledge about aquaculture, whereas the 

knowledge of the science community respondents was higher. Fur- 

thermore, the level of education can be positively correlated to the 

knowledge about aquaculture, which might be related to a higher gen- eral 

level of knowledge including knowledge about aquaculture. How- ever, 

some public respondents voiced that they are uninformed and are not able 

to agree with the statements about aquaculture. Pretesting showed that 

the degree of knowledge about aquaculture did not affect the perception 

of aquaculture. In contrast, previous studies showed that the level of 

knowledge is related to the proximity to aquaculture farms (Freeman et 

al., 2012; Mazur and Curtis, 2008; Thomas et al., 2018) and the frequency 

of seafood consumption (Aarset et al., 2004). 

In the exploratory survey at the ICYMARE aquaculture session, 

three respondents changed their attitude more positive due to improved 

knowledge about sustainable aquaculture, while the other eight respon- 

dents did not change their attitude. No one changed the perception to- 

wards more negative, suggesting that improved information about the 

sustainability of aquaculture practices and its products could only have 

positive effects on the perception. However, previous studies have shown 

that information and improved knowledge could also lead to a shift in 

consumers' decisions against aquaculture products (Claret et al., 2016; 

Feucht and Zander, 2015). Due to the small number of respon- dents, the 

results offer only on a very exploratory scale that there are potential shifts 

possible in the perceived impacts of aquaculture. These exploratory 

results indicate that more research is warranted to fully un- derstand the 

role of improved scientific information in everyday deci- sion-making of 

food consumption. However, the engagement with trustworthy 

knowledge holders (scientists presenting aquaculture- related research 

results) led to a topical perception shift, indicating a learning process on 

the individual level. 

4.3. Implications for a future acceptance of aquaculture products from the 
eco-intensification approach in Germany 

The premise of this study was that social change towards acceptance of eco-

intensification measures in aquaculture would benefit from a better 

understanding of sustainability thinking among ordinary citizens and 

especially younger age groups. It is not sufficient for only experts to be 

knowledgeable about eco-intensification measures in aquaculture. 

Research insights need to be tailored to the specific needs of the respec- 

tive audiences in order to develop relevant or meaningful outputs (Krause 

and Schupp, 2019). What constitutes relevance or meaningful- ness is part 

of an ongoing negotiation process between academia and society and may 

vary widely for different social groups and contexts, and different 

scientific disciplines alike (Hornidge, 2014). For contextu- alization of 

research findings towards the social realities of stakehold- ers, the 

requirements of actors from scientific and societal realms need to be 

understood in order to design a targeted output (Regeer and Bunders, 

2003). 

In the case of communicating the benefits of eco-intensified aqua- culture 

production, this study's results conform to previous studies (Risius et al., 

2017; Schlag and Ystgaard, 2013; Zander and Feucht, 2017). Tailored 

communication per consumer group should highlight research insights 

on new developments reducing environmental im- pacts, animal welfare, 

and nutritional and health benefits of locally pro- duced seafood products 

addressing values and habits of the respective groups. In the German 

context, it might be crucial to communicate the benefits of the application 

of circular economy in the production of feeds for Europe's most popular 

fish species like trout (Maiolo et al., 2021), salmon (Vázquez et al., 2019), 

sea bream and sea bass and the technological advancement for 

monitoring environmental interaction (Burke et al., 2021; O'Donncha and 

Grant, 2019). Indeed, the current pandemic and the recognition of how 

vulnerable globalized food sys- 

tems are has acted as an accelerator for regional, circular economy 

thinking (Kaiser et al., 2021). However, communication alone will not be 

sufficient, since consumers want to rely on the aquaculture industry to 

follow sustainable standards (Banovic et al., 2019; Feucht and Zander, 

2015), produce reliable labeling (Carlucci et al., 2015; Risius et al., 2017), 

without giving too complex information (Bronnmann and Hoffmann, 

2018; Cantillo et al., 2021; Reinders et al., 2016). 

It is noteworthy that this study revealed that especially the younger age 

groups consume less frequently or no seafood than the older groups. This 

reduction might be mainly due to moral and ethical rea- sons (Verbeke, et 

al., 2007b), and emphasizing benefits of eco- intensifications measures 

for animal welfare, no pollution, and absence of drugs and hormones as 

well as sustainable fish feed might be crucial for communication for this 

respective age group (Schlag and Ystgaard, 2013; Zander and Feucht, 

2017). Aquaculture advocates, belonging mostly to the older age groups, 

should leave preconceived notions such as assumed positive consumer 

behavior changes if messaging health benefits of seafood consumption 

(Jacobs et al., 2015), but rather uptake young and critical consumers' 

interests that revolve more strongly around vegetarian or vegan lifestyle. 

Scherer and Holm (2020) pro- posed that advocating eating lower trophic 

levels of seafood might tap 

into the potential of locally produced marine resources, which acknowl- 

edges the raising demand for regionalization of food production. In or- 

der to accommodate the trend of a plant-based diet among the “con- 

sumers of tomorrow”, aquaculture advocates should promote the pro- 

duction and consumption of novel plant/algae based aquaculture prod- 

ucts, such as seaweed. At the ICYMARE aquaculture session some re- 

spondents stated that the sea grapes (Caulerpa lentillifera) presented by 

Stuthmann et al. (2019) were interesting to them as a novel food. Pro- 

duction of seaweed is in many ways considered sustainable by not using 

fished resources as finfish production, as its reputation as a functional 

food, and its potential for ecosystem services (Buchholz et al., 2012; 

Garcia-Poza et al., 2020). 

5. Conclusion 
 
The presented findings mirror previous studies, in which age, educa- tion, 

and location of stakeholders influenced the preferences towards a more 

sustainable lifestyle (Black and Cherrier, 2010; Kapferer and Michaut-

Denizeau, 2019; Schoolman et al., 2014) and the willingness 



Annex  

 
156 

 

to accept higher prices of sustainable products (De Pelsmacker et al., 

2005; Stubbe Solgaard and Yang, 2011). 

However, the results of this and previous studies do not clearly indi- cate 

that consumers will choose a more sustainable product based on provided 

information on the benefits of aquaculture products from eco- intensified 

production. Even though consumers state that sustainability is important 

for them, their purchase behavior is often run along by val- ues, habits, 

lifestyle, convenience, and trust in information sources and not (solely) by 

scientific reasoning (Carlucci et al., 2015; Feucht and Zander, 2015; 

Gaviglio and Demartini, 2009; Jacobs et al., 2015). In- stead of relying 

only on a bottom-up transformation through con- sumers' decision to 

purchase and consume sustainable aquaculture products, the aquaculture 

industry should also intrinsically aim for a successful transformation to 

an eco-intensified European aquaculture sector (Almeida et al., 2015; 

Bergleiter and Meisch, 2015; Lawley et al., 2019; Richter and Klockner, 

2017). This might enhance the trust of the 

consumers in sustainable and especially environmentally friendly pro- 

duction of food from the seas. 

Overall, more factors have to be considered when the aquaculture 

industry wants to boost sustainable production in Europe. Current and 

unforeseen developments such as the COVID-19 pandemic host the po- 

tential to change environmental awareness, sustainable consumption, 

and social responsibility (Kaiser et al., 2021; Severo et al., 2021). 

Furthermore, the aspiration for economic growth and increased con- 

sumption should be seen more critically, especially in the light of the 

younger generations having other values than the older generations. 

Wanting to produce more to sell more, might be the wrong strategy fac- 

ing lower seafood consumption rates among the younger age group 

now and in the future. Initiatives like the Blue Growth Agenda launched by 

the EU are very important. However, these risk delivering only a part of the 

promise as they focus strongly on economic dimensions but over- looking 

other aspects necessary for sustainable seafood production (Eikeset et al., 

2018). Scientists (see Ertör and Hadjimichael, 2019) and organizations 

such as the High Level Panel for a Sustainable Ocean Economy (HLP or 

the Ocean Panel), which was created in 2018 advo- cates blue degrowth in 

order to reduce environmental impacts, securing a future worth living for 

generations to come. 
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Abstract 
In Europe, turbot aquaculture has a high potential for sustainable production, but the low tolerance to 
fishmeal replacement in the diet represents a big issue. Therefore, this study investigated the effects of 
more sustainable feed formulations on growth and feed perfor- mance, as well as nutritional status of 
juvenile turbot in recirculating aquaculture systems. In a 16-week feeding trial with 20 g juvenile turbot, 
one control diet containing traditional fishmeal, fish oil and soy products and two experimental diets where 
20% of the fishmeal was replaced either with processed animal proteins (PAP) or with terrestrial plant 
pro- teins (PLANT) were tested. Irrespective of diets, growth performance was similar between groups, 
whereas the feed performance was significantly reduced in fish of the PAP group compared to the control. 
Comparing growth, feed utilisation and biochemical parameters, the results indicate that the fish fed on 
PAP diet had the lowest performance. Fish fed the PLANT diet had similar feed utilisation compared to 
the control, whereas parameters of the nutritional status, such as condition factor, hepato-somatic index 
and glycogen con- tent showed reduced levels after 16 weeks. These effects in biochemical parameters 
are within the physiological range and therefore not the cause of negative performance. Since growth was 
unaffected, the lower feed performance of fish that were fed the PAP formula- tion might be balanced by 
the cost efficient formulation in comparison to the commercial and the PLANT formulations. Present 
study highlights the suitability of alternative food formulation for farmed fish. 
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Introduction 
 

Aquaculture has the potential to ensure a reliable supply of seafood for the globally increasing demands and 
sustainable growth. In order to conserve and sustainably use aquatic resources, the reduction of the 
environmental footprint of aquaculture practices has become a high priority for the scientific community, 
producers and consumers. One of the major concerns is the challenge to feed farmed fish with diets that are 
nutritious but at the same time economically and environmentally sustainable (Glencross et al. 2020). In the 
last decades, research efforts focused on the identification of major nutritional requirements for important 
farmed fish such as trout, salmon, sea bass or seabream (FAO 2020; Naylor et al. 2021). These efforts set 
the foundation for substitution of fishmeal and fish oil originating from wild pelagic fish with other sources 
(Hardy and Barrows 2003). This resulted in diet formulations with reduced fish content that improve growth 
and feed performance (Olsen and Hasan 2012). 

However, in many carnivorous farmed fish, a total replacement of fish products in the diets is still not 
feasible. In order to reduce dependence on traditional fishmeal and fish oil, the use of fishery and aquaculture 
by-products is a good alternative for sustainable aqua- feeds (Bendiksen et al. 2011; Forster et al. 2005; Hua 
et al. 2019; Whiteman and Gatlin 2005). Processed raw materials such as hydrolysates are more energy 
efficient than fish- meal from by-products and were shown to improve growth and feed performance in 
farmed fish (Siddik et al. 2020). Terrestrial plant materials are commonly integrated into commercial fish 
diets (Abdel- Latif et al. 2022; Gatlin et al. 2007; Naylor et al. 2021; Tacon et al. 2011) enabling even fish-
free diet formulations for carnivorous fish. In the case of soybean, however, these products are often 
associated with unsustainable production, long transportation and a high proportion of genetically modified 
strains. Furthermore, soybean meals and other vegetable ingredients introduce anti-nutrients, giving rise to 
a number of problems for the fish such as enteritis and reduced nutrient uptake and bioavailability (Baever 
ord and Krogdahl 1996; Kaushik et al. 1995; Storebakken et al. 1998). This can be offset—at least to a 
certain point—by refining the plant protein sources (Glencross 2016; Jia et al. 2022; Naylor et al. 2009; 
Refstie et al. 2005), which, however, introduces costs and results in a trade-off between fish welfare/health 
and feed cost. Other alternative protein and oil crops such as pea, rapeseed and lupines proved to be suitable 
for fish feeds (Burel et al. 2000b; Glencross et al. 2011; Omnes et al. 2015; Øverland et al. 2009; Zhang et 
al. 2012). However, the availability at a competitive price and regular supply in sufficient quality is still a 
major issue that needs to be solved (Bähr et al. 2014; Glencross et al. 2020). Moreover, many consumers 
question whether plant materials are an acceptable and appropriate feed ingredient for carnivorous fish 
(Feucht and Zander 2015). 

Plant material as a basic commodity is used in a wide range of human consumption, feed for terrestrial 
livestock, biofuels and many other industrial applications. Therefore, the competition is high, and 
aquaculture feed producers should avoid to totally rely on plant materials. Therefore, researchers and feed 
producers emphasise that a broader range of alternatives is needed to facilitate the predicted increase in fed 
aquaculture pro- duction (FAO 2020; Matos et al. 2017). Since the European crisis of the mad cow disease 
in 1990, terrestrial animal proteins were mostly banned from farmed animal feed formulations. Therefore, 
research on PAPs in fi feeds is scarce until recently. However, recent studies show that PAPs are suitable 
alternatives to fish in fish diets (Campos et al. 2017; Karapanagiotidis et al. 2019; Lu et al. 2015; Wang et 
al. 2015; Wu et al. 2018). However, in 2013 non-ruminant PAPs (processed animal proteins) were re-
authorised in the EU under very specific regulations allowing correctly categorised PAP in aquafeeds. The 
availability in large amounts in the EU and elsewhere as a by-product from food production and its 
nutritional value qualify PAPs as a sustainable feed ingredient for fish (Tacon et al. 2011). 

Recently authorised as novel food and feed in the EU, insect derived products, such as protein and lipids, 
are valuable ingredients for aquaculture feeds. Insects can valorise unused plant material, not suitable for 
human consumption, and transform it into valuable nutrients (Newton et al. 2005; Van Huis 2013). They 
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are also part of the natural diet of many freshwater and marine fish species (Henry et al. 2015). Meals 
derived from the black soldier fly (Hermetia illucens) or mealworm (Tenebrio molitor) were already 
successfully tested in fish diets for carnivorous fish species such as Atlantic salmon (Salmo salar) (Li et al. 
2020), rainbow trout (Oncorhynchus mykiss) (Jozefiak et al. 2019; Rema et al. 2019; Stadtlander et al. 2017) 
and red seabream (Pagrus major) (Ido et al. 2019). 

Other feed ingredients, such as micro- and macroalgae and microbial meals, are emerging as suitable protein 
and lipid sources for aquafeeds. Microbial biomass, which is produced as a by-product from food, beer and 
biogas production, can be a valuable ingredient in aquafeeds (Aas et al. 2006; Bendiksen et al. 2011; Oliva-
Teles and Goncalves 2001; Olsen and Hasan 2012; San Martin et al. 2020; Tacon et al. 2011). In particular, 
microalgae are a valuable source with essential fatty acids in diets with a low level of fish oil. Additionally, 
algae and yeast can act as functional ingredients, increasing the health of farmed fish and crustaceans 
(Dineshbabu et al. 2019; Refstie et al. 2010; Vallejos-Vidal et al. 2016; Wan et al. 2019). 

Novel feed formulations with a broad spectrum of ingredients can balance the ingredients’ quality, cost and 
availability, but most importantly, they need to satisfy the nutritional requirements of the farmed species. 
Thereby the effects of integrating alternative feed ingredients on fish performance and nutritional status 
have to be validated. In comparison to fishmeal, alternative ingredients differ in nutritional composition, 
digestibility of nutrients and availability of minerals (Glencross 2016; Sugiura et al. 1998). This may affect 
growth, nutrient utilisation and whole body composition of carnivorous fish and lead to an altered energy 
metabolism and energy allocation. Plant-based and carbohydrate-rich diets influenced the energy reserves, 
such as the hepatic content of glycogen and lipid in Atlantic salmon, rainbow trout (Krogdahl et al. 2004), 
Gilthead seabream (Sparus aurata) (Robaina et al. 1995) and turbot (Scophthalmus maximus) (Miao et al. 
2016). Furthermore, plant- based diets affected the mineral composition and availability in rainbow trout 
(Antony Jesu Prabhu et al. 2018; Read et al. 2014) and Atlantic salmon (Silva et al. 2019; Storebakken et 
al. 2000). 

Turbot is an important species in EU aquaculture due to its high value and reputation and low competition 
with fishery production (EUMOFA 2018). It has a high potential for sustainable production due to the 
controlled farming cycle, production practices (RAS and flow-through systems) and its robustness, enabling 
high-density farming and domestication (FAO, 2005, 2005; Aksungur et al. 2007; Bischoff et al. 2018; 
EUMOFA 2018; Li et al. 2013). However, as a carnivore, turbot has a low tolerance to fishmeal reduction 
(Burel et al. 2000a, 2000b; Nagel et al. 2012; von Danwitz et al. 2016) and is a sensitive and thus suitable 
candidate for testing novel feed formulations. Therefore, the present study aims to evaluate the effects of 
two novel feed formulations for sustainable turbot production, with moderate fishmeal replacement and 
using feed ingredients of terrestrial animal and plant origin, on the growth and feed performance, apparent 
digestibility of nutrients, energy storage and apparent availability of minerals and trace elements. 

  

Material and methods 
 
Experimental diets 
 

All experimental diets were formulated to be isonitrogenous (530 g kg−1). Due to species’ behaviour and 
size, 3 mm pellets with positive buoyancy (floating pellets were manufactured by extrusion at SPAROS 
LDA (Olhão, Portugal). All diets, including the control diet, were produced using the same facility and 
extrusion parameters to minimise technological differences. There were three treatments, including two  
novel  formulations and one control diet, which was mimicking a typical current commercial formulation 
used for turbot. In the control diet, the main protein sources were fishmeal (500 g kg−1), wheat gluten (110 
g kg−1) and soy protein concentrate (100 g kg−1). In the two experimental diets, the commercial fishmeal 
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was fully replaced with fish by-products (meal and hydrolysates), and the overall fish-derived content was 
reduced by 20% to 400 g kg−1. The remaining protein was sourced with emerging ingredients such as insect 
meal, single cell meal and algae meal. Soy-derived ingredients were replaced by pea protein and pea starch. 
Furthermore, in all experimental diets, DHA-rich algae and rapeseed oil replaced 60% of fish oil. The 
content of the respective experimental diets as well as the control diet is shown in Tables 1 and 2. Once the 
experimental feeds were produced, they were delivered from Portugal to the experimental facility at the 
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI) in Bremer- haven 
(Germany). Before and during the trials, the feed was stored at 4 °C to ensure continuous quality of the diets 
throughout the feeding experiment. 
 

 

Experimental setup 
 
Juvenile turbot (Scophthalmus maximus) were purchased from France Turbot (L’Épine, France), transferred 
in specific transport containers overland to the recirculating aquaculture systems (RAS) of the Centre for 
Aquaculture Research (ZAF) at AWI, acclimated to the RAS for 2 weeks prior to starting the 16 week (112 
days) experimental trial. A total of 750 turbots with a mean weight (± SD) of 20.2 ± 0.4 g and a mean total 
length of 10.1 ± 0.1 cm were randomly distributed into 15 tanks (50 fish per tank, 5 tanks per diet). The 
RAS consisted of 36 tanks, each with a bottom area of 1 m2 and a volume of approx. 700 L. The condition 
of the process water was monitored constantly with a SC 1000 Multiparameter Universal Controller (Hach 
Lange GmbH, Germany), and the nutrient concentration was measured with the QuAAtro39 AutoAnalyzer 
(SEAL Analytical, Germany) twice a week (see Table 3). 

The fish were fed twice a day (9 am and 2 pm) ad libitum. After the fishn were fed in the afternoon (30 min 
later), the remaining pellets were netted (mesh size 1 mm) from the tanks, dried for 24 h at 50 °C and 
weighed. To account for potential weight loss of the non-eaten pellets, duplicates of each experimental diet 
(2 g each) were incubated at 16 °C and 100 cycles per minute in 100 mL water which was taken from the 
experimental recirculation system (30 ‰ salinity) (Obaldo et al. 2002). After 30 min, the content was sieved 
(mesh size 1 mm), the collected pellets were dried for 24 h at 50 °C and weighted. The weight loss was used 
to calculate the loss factor for later correction of the recovered non-eaten pellets (see Formula (6)). 

 
Table 1  Formulation (%) of the experimental diets for juvenile turbot (Scophthalmus maximus) 

Ingredients Control PAP PLANT 

Fishmeal1 50.00 0.00 0.00 
Fishmeal (by-product)2 0.00 35.00 35.00 
Fish hydrolysate (by‐product)x 0.00 5.00 5.00 
Insect meal (Hermetia illucens)x 0.00 5.00 5.00 
Porcine hemoglobin3 0.00 2.50 0.00 
Poultry meal4 0.00 10.20 0.00 
Microbial protein meal (methanotrophic bacteria)x 0.00 2.50 2.50 
Yeast protein meal (Saccharomyces cerevisiae)x 0.00 2.50 2.50 
Microalgae meal (Arthrospira platensis)1 0.00 0.00 2.00 
Microalgae meal (Chlorella vulgaris)5 0.00 0.00 0.50 
Microalgae meal (Tetraselmis chuii)5 0.00 0.00 0.20 
Soy protein concentrate6 10.0 0.00 0.00 
Pea protein concentrate7 0.00 5.00 12.40 
Wheat gluten7 11.00 10.00 11.50 
Soybean meal8 4.00 0.00 0.00 
Wheat meal9 8.00 0.00 0.00 
Pea starch10 4.00 8.99 8.89 
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Fish oil1 11.60 4.64 4.64 
DHA-Rich algae (Schizochytrium)11 0.00 1.08 1.08 
Rapeseed oil12 0.00 3.44 4.64 
Rapeseed lecithin13 0.00 0.80 0.80 
Vitamin and mineral premix14 1.00 1.00 1.00 
Vitamin C15 0.05 0.05 0.05 
Vitamin E15 0.05 0.05 0.05 
Betaine HCl16 0.00 0.50 0.50 
Macroalgae mix17 0.00 0.50 0.50 
Antioxidant18 0.18 0.18 0.18 
Sodium propionate19 0.10 0.10 0.10 
L-Tryptophan20 0.00 0.15 0.15 
DL-Methionine21 0.00 0.30 0.30 
L-Taurine16 0.00 0.50 0.50 
Yttrium oxide22 0.02 0.02 0.02 

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein 

x not disclosed; 1 Sopropêche, France; 2 Conserveros Reunidos S.A., Spain; 3 SONAC BV, The Nether- lands; 4 SAVINOR UTS, Portugal; 5 

Allmicroalgae, Portugal; 6 ADM, The Netherlands; 7 Roquette Frères, France; 8  CARGILL, Spain; 9  Casa Lanchinha, Portugal; 10  

COSUCRA, Belgium; 11  Alltech, Ireland; 12 Henry Lamotte Oils GmbH, Germany; 13 Novastell, France; 14 DL‐alpha tocopherol acetate, 
255 mg; sodium menadione bisulphate, 10 mg; retinyl acetate, 26,000 IU; DL‐cholecalciferol, 2500 IU; thiamine, 2 mg; riboflavin, 9 mg; 
pyridoxine, 5 mg; cyanocobalamin, 0.5 mg; nicotinic acid, 25 mg; folic acid, 4 mg; L‐ascorbic acid monophosphate, 80 mg; inositol, 17.5 mg; 

biotin, 0.2 mg; calcium pantothenate, 60 mg; choline chloride, 1960 mg. Minerals (g or mg kg−1 diet): copper sulphate, 8.25 mg; ferric sulphate, 
68 mg; potassium iodide, 0.7 mg; manganese oxide, 35 mg; organic selenium, 0.01 mg; zinc sulphate, 123 mg; calcium carbonate, 1.5 g; 

excipient wheat middlings; 15 DSM Nutritional Products, Switzerland; 16 ORFFA, The Netherlands; 17  Ocean Harvest, Ireland; 18  Kemin 

Europe NV, Belgium; 19  Disproquímica, Portugal; 20 Ajinomoto EUROLYSINE S.A.S, France; 21 EVONIK Nutrition & Care GmbH, 

Germany; 22 Sigma Aldrich, USA 

 
Table 1 Chemical composition of the experimental  

Moisture (%) 4.1 7.3 6.7 
Crude protein (%) 52.9 52.8 52.8 
Crude lipid (%) 16.5 16.2 18.1 
Ash (%) 7.1 10.5 9.9 
Gross energy (MJ kg−1) 23.1 20.8 21.2 

Minerals and trace elements Calcium (Ca; g kg−1)  
8.1 

 
22.1 

 
19.1 

Potassium (K; g kg−1) 4.0 7.4 7.6 
Magnesium (Mg; g kg−1) 1.8 1.7 1.9 
Sodium (Na; g kg−1) 4.7 6.8 7.6 
Phosphorus (P; g kg−1) 10.1 14.5 14.5 
Ca/P ratio 0.8 1.5 1.3 
Arsenic (As; mg kg−1) 7.1 6.1 5.8 
Copper (Cu; mg kg−1) 29.4 18.6 19.1 
Iron (Fe; mg kg−1) 278.9 347.3 319.6 
Manganese (Mn; mg kg−1) 71.8 90.6 69.8 
Zinc (Zn; mg kg−1) 206.9 174.5 186.3 
Amino acids (%)    
Arginine (Arg) 3.55 3.24 3.49 
Histidine (His) 1.24 1.18 1.17 
Isoleucine (Ile) 2.07 1.95 2.16 
Leucine (Leu) 3.26 3.26 3.27 
Lysine (Lys) 3.13 3.33 3.34 
Threonine (Thr) 2.09 1.97 2.02 
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Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values are expressed as means from duplicates  

 

Measurements and sampling 
 
Fish were weighed to 0.2 g precision and measured in length to 0.5 cm precision every 4 weeks. At the end 
of the 16-week trial, 6 individuals from each of the 15 tanks were sampled, from which 3 fish were used for 
tissue sampling to determine the energy reserves and 3 fish per tank were sampled as whole fish for 
proximate and mineral analysis. Fish were anaesthetized with 500 mg L−1 tricaine methanesulfonate (MS-
222; Sigma Aldrich, Germany). After recording weight (precision 0.01 g) and length (precision 0.5 cm), 
fish were sacrificed and tissues (liver and fillet without skin) were rapidly sampled on ice. The liver of three 
fish per tank (n = 15 fish per diet) was weighted with 0.0001 g precision to determine the hepato-somatic 
index (HSI). Both tissues were frozen in liquid nitrogen and stored at− 80 °C until further analysis. For 
digestibility analysis, the faeces were sampled by stripping anaesthetized fish and pooled from one tank, 
centrifuged at 4 °C and 3,000 × g for 5 min, and the pellets were frozen at − 80 °C until further analysis. To 
gain sufficient tissue mass, the whole fish bodies were pooled (from the 3 fish taken per tank), cut into small 
pieces and stored at − 20 °C until further analysis. 
 
Chemical analysis of diets, whole body and faeces 
 
The chemical analysis of the diets was conducted in duplicates (see Table 2) and of the whole body and 
faeces as pooled replicates per tank (n = 5 tanks per diet). The whole body samples were minced frozen 
using a meat grinder (MADO Primus, Germany), refrozen at − 20 °C and then freeze-dried for 48 h. The 
samples of the experimental diets and faeces were freeze-dried for 24 h. The experimental diets and whole 
body samples were further homogenised in a knife grinder (5000 rpm, 30 s, Grindomix GM 200, Retsch, 
Germany). 
The moisture content, ash, crude protein, crude lipid and energy of the experimental diets, whole body fish 
and faeces was determined after AOAC (1980). Moisture content of the feeds was determined by drying the 
samples at 105 °C for 24 h. The moisture con- tent of the whole body and faeces was determined by freeze-
drying. Total ash content was determined by combustion of the samples in a muffle oven at 550 °C for 6 h. 
The total nitrogen in the feed and whole body samples was determined following the automated Kjeldahl 
Method. Due to small sample volume in the faeces samples, the total nitrogen was determined after the 
Dumas method. For all samples, the measured total nitrogen was converted to equivalent crude protein (%) 
by the numerical factor of 6.25. Crude lipid was determined by acid hydrolysis. Gross energy was measured 
in an adiabatic bomb calorim- eter (Model 6100; Parr Instrument, Germany). 
For the analysis of the mineral content, 0.2 g of freeze-dried and homogenised samples of the experimental 
diets, whole body and faeces was digested in 3 mL nitric acid (HNO3) (65%, trace grade) in a microwave 
oven (CEM MARS5, Germany) according to DIN EN 13,805 (2014). After digestion, the samples were 
diluted with Milli-Q water to 50 mL. Calcium, potassium, magnesium, phosphorus, arsenic, copper, iron, 
manganese, yttrium and zinc concentrations were analysed in an ICP-OES (iCAP7400; Fisher Scientific, 

Tryptophan (Trp) 0.23 0.28 0.28 
Valine (Val) 2.09 2.35 2.31 
Methionine (Met) 1.07 1.14 1.21 
Cysteine (Cys) 0.26 2.34 0.28 
Phenylalanine (Phe) 2.35 0.26 2.39 
Tyrosine (Tyr) 1.99 1.97 2.01 
Alanine (Ala) 2.25 2.58 2.43 
Glycine (Gly) 2.42 2.52 2.16 
Proline (Pro) 3.02 2.66 2.57 
Serine (Ser) 2.28 2.11 2.13 
Taurine (Tau) 0.84 0.84 0.80 
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Germany). As reference fish muscle (ERM – BB422, EU) was used. 
 
Glycogen and crude lipid content of liver and muscle tissue 
 
Following the procedure described by Keppler and Decker (1988), glycogen content was determined 
photometrically after enzymatic hydrolysis of glycogen to glucose. Briefly, fish filet and liver samples (3 
individual fish per tank; 15 fish per diet in total) were grinded under liquid nitrogen, and approx. 200 mg 
tissue was homogenised in 5 × volume of ice- cold 0.6 M perchloric acid (PCA) (w:v). After one cycle of 
20 s at 6000 rpm and 3 °C using Precellys 24 (Bertin Technologies, France), samples were sonicated for 2 
min at 0 °C and 360 W (Branson Ultrasonics Sonifi 450; Fisher Scientifi Germany), and homogenates were 
immediately divided for the analysis of total and free glucose concentrations. Due to small volume, the 
individual samples of liver and muscle were pooled (n = 5 tanks per diet) for the crude lipid content. 
Following the method of Folch et al. (1957) and Postel et al. (2000), the lipids in the muscle and liver tissue 
were extracted with 2:1 dichloromethane-methanol (v/v) and an aqueous solution of 0.88% KCl (w:v). 
Crude lipid content was deter- mined gravimetrically to the nearest 0.001 g and calculated as the percentage 
of lipids of tissue wet weight. 
 
Data analysis (calculations and statistics) 
 
The growth parameters were based on body weight (BW) and body length (BL) and calculated as follows. 

 

 (3) 

(4) 
 
The feed performance parameters, daily feed intake (DFI) and feed conversion ratio (FCR) were based on 
the feed intake (FI) in g of the off ed amount of feed and the uneaten feed, which is corrected by the soluble 
loss factor. Total FI and WG for FCR were corrected for the lost biomass through mortalities and sampling. 
 

Weight gain (WG, g) = BWfinal − BWinitial 
 

(1) 

 
 

Relative growth rate   RGR, %d−1    =  100  × (e 
ln (BW final )−ln(BW initial ) 

feeding days − 1) 

 

(2) 

 

Condition factor (CF) = 100  × 
𝐵𝑊
𝐵𝐿3 

Hepato − somatic index (HSI) = 100 × 
𝑙𝑖𝑣𝑒𝑟  𝑤𝑒𝑖𝑔ℎ𝑡

𝐵𝑊 𝑓𝑖𝑛𝑎𝑙  
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(5) 

(6) 

              (7) 
 

(8) 
 

(9) 
 
The apparent digestibility (ADC) of the dietary nutrients and the apparent availability (AA) of minerals were 
based on the amount of the inert yttrium marker in the diet and faeces and the respective nutrient or element 
in faeces and diets. 
 
   

               (10) 
 

 
            (11) 
 
 
 

        (12) 
 

The  glycogen  content  was  calculated  based  on  the  concentration  of  total  glucose (ctotal glucose) 
subtracted by the concentration of free glucose (cfree glucose). 
  
 

   (13) 
 
whereas A = the change in absorption, Vassay total = the total measurement volume of the assay (ml), = the 
coefficient of extinction at 339 nm (6.3 mL µmo−1 cm−1), d = the thickness of layer for the cuvette (1 cm), 
Vsample = the sample volume (mL), DF = the dilution factor and ctissue = the concentration of tissue wet 
weight in crude extract (mg mL−1). 
The glucose concentration was converted to glycogen content using the molecular weight of the glucosyl 
moiety in glycogen with Mr = 162 g mol−1. 

(14) 
 
 
 
 

Total Feed Intake ( FItotal, g) = Feedoffered − (Feeduneaten × factorsoluble loss) 

factorsoluble loss = 1 + [1 – (
𝐹𝑒𝑒𝑑  𝑓𝑖𝑛𝑎𝑙

𝐹𝑒𝑒𝑑  𝑖𝑛𝑖𝑡𝑖𝑎𝑙) ]  

Daily feed intake (DFI, % BW d−1)=  100 × FItotal

BWfinal + BWinitial 
 

 

2 
 

Feed conversion ratio (FCR) =
𝐹𝐼 𝑡𝑜𝑡𝑎𝑙

𝑊𝐺
 

Protein efficiency ratio (PER) =    
𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛  

𝑐𝑟𝑢𝑑𝑒  𝑝𝑟𝑜𝑡𝑒𝑖𝑛  𝑖𝑛𝑡𝑎𝑘𝑒 

AA (%) = 100 − (100 ×     
yttriumdiet

 

yttriumfaeces 

 1    = (ΔA × V 
×  d × Vsample 

)∕ × DF 

Glycogen content (mg g−1wet weight tissue) = (c

ADC dry matter (%) = 100 − (100 × 
yttriumdiet  

) 

yttriumfaeces 

ADC nutrient (%) = 100 − (100 ×     
yttriumdiet

 

yttriumfaeces 
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Statistical analysis 
 
Statistical analysis was conducted with Sigma Plot (12.5, Systat Software, Germany). One- way analysis of 
variance (ANOVA) was used to determine significant differences between the treatments. Whenever there 
were statistically significant differences, an all pairwise multiple comparison procedure was performed 
using the Holm-Sidak method (overall significance level p = 0.050) to find the difference within the 
treatments. Values are given as means ± standard deviations. 
 
Results 
 
Growth and feed performance 
 
The experimental feed formulations did not significantly affect the growth of the juvenile turbots, and the 
survival during the experimental period was high with 0% mortalities (Table 4). After 16 weeks, the fish 
from the control group increased their weight 3.25 fold (65 g), whereas the fish fed with the experimental 
diets only increased their weight 3.10 fold (by an average of 62 g). The fish accepted all diets with a daily 
feed intake (DFI) of 0.99 ± 0.03% BW d−1 (n = 15 tanks). The feed conversion ratio (FCR) in the fish from 
the control group was significantly lower than in the fish from the PAP group, with no significant differences 
to the fish from the PLANT group. The protein efficiency ratio (PER) was significantly higher in the fish 
from the control group than in the PAP group with no significant differences to the fish from the PLANT 
group. The condition factor (CF) was significantly affected by the experimental diets (Table 4). The CFs of 
fish from PLANT group were significantly lower than of the fish in the control and the PAP group. However, 
the CF significantly increased in all treatments from the initial to the final (t-test; p = < 0.001).  
 
Table 4 Performance parameters of the juvenile turbot (Scophthalmus maximus) fed the experimental diets for 16 weeks (n = 5 tanks per diet) 
 

 Control PAP PLANT F p 

Initial body weight (g) 20.2 ± 0.3 20.1 ± 0.5 20.4 ± 0.4 0.402 0.677 

Final body weight (g) 85.2 ± 9.7 82.9 ± 6.1 82.1 ± 9.5 0.183 0.835 

Weight gain (g) 65.0 ± 9.5 62.8 ± 5.9 61.7 ± 9.2 0.203 0.819 

Relative growth rate (% d−1) 1.29 ± 0.09 1.27 ± 0.06 1.25 ± 0.09 0.293 0.751 

Daily feed intake (% BW d−1) 0.98 ± 0.03 1.01 ± 0.04 1.00 ± 0.03 0.985 0.402 

Feed conversion ratio 0.87 ± 0.03b 0.92 ± 0.03a 0.90 ± 0.02ab 5.059 0.026 

Protein efficiency ratio 2.17 ± 0.07a 2.06 ± 0.06b 2.10 ± 0.05ab 4.031 0.046 

Initial condition factor 1.96 ± 0.02 1.94 ± 0.02 1.95 ± 0.03 0.767 0.486 

Final condition factor 2.11 ± 0.01a 2.10 ± 0.01a 2.07 ± 0.02b 7.750 0.007 

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values are expressed as means ± SD, and values 
with different letters within the same line are significantly different (p < 0.050), F and p values from one-way ANOVA.  
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Table 5 Proximate whole body composition on wet weight basis and apparent digestibility coefficient of juvenile turbot (Scophthalmus maximus) 
fed the experimental diets for 16 weeks (n = 5 tanks per diet) 
 Control PAP PLANT F P  

Moisture (%) 74.1 ± 1.3 76.6 ± 0.9 74.4 ± 3.5 1.802  0.207 
Crude protein (%) 16.2 ± 1.1 15.2 ± 0.8 16.1 ± 2.6 0.491  0.624 
Crude lipid (%) 4.5 ± 0.4a 3.5 ± 0.4b 3.9 ± 0.5ab 6.585  0.012 
Ash (%) 3.7 ± 0.3 3.9 ± 0.1 4.3 ± 0.6 3.039  0.086 
Gross Energy (MJ kg−1) 5.2 ± 0.6 4.6 ± 0.2 5.3 ± 0.8 2.130  0.162 
Apparent digestibility coefficient 
Dry matter (%) 83.2 ± 1.1a 77.1 ± 1.7b 77.2 ± 1.9b 23.103 < 0.001 
Crude protein (%) 92.0 ± 0.5a 89.8 ± 0.7b 89.7 ± 0.7b 22.626 < 0.001 
Gross Energy (%) 85.2 ± 0.8 86.4 ± 2.2 86.3 ± 1.1 1.027 0.388 

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values are expressed as means ± SD, and values 
with different letters within the same line are significantly different (p < 0.050), F and p values from one-way ANOVA 

 
Whole body composition, apparent digestibility and energy reserves 
 

The whole body composition with moisture content, crude protein, ash content and energy content did not 
differ significantly between fish fed the different diets (Table 5). Fish from the PAP group had a significantly 
lower crude lipid content than the fish from the control group with no significant differences to the fish from 
the PLANT group. The apparent digestibility coefficients (ADC) of dry matter and crude protein were 
significantly higher in the fish from the control group compared to the fish from the experimental groups, 
whereas the ADC of energy was not affected (see Table 5). 

The hepato-somatic index (HSI) of fish fed the control diet was significantly higher than that of the fish 
from the experimental groups (Table 6). The hepatic glycogen was significantly higher in the fish fed the 
control than in the fish fed the PLANT diet, with no significant difference to the fish from the PAP group. 
The hepatic lipid content, glycogen, and lipid content in the muscle of turbot showed no significant 
differences between groups (see Table 6). 

 

Mineral analysis of the diets, mineral balance and apparent availability 
 

The mineral content of the whole body showed no significant differences in the fish from all diets, except 
for arsenic and copper concentration in the PLANT-feeding fish that was significantly higher than in the 
control fish, with no significant differences to PAP (Table 7). 

For all analysed minerals, the apparent availability (AA) was highest in the control diet compared to the 
experimental diets, except for potassium and sodium, where the AA in the control was lowest (Table 7). No 
significant differences were found in the availability of calcium, arsenic and zinc. The potassium and sodium 
availability in the control was significantly lower than in the experimental diets. In contrast, the availability 
of magnesium, copper and iron was in the control significantly higher than in the experimental diets. The 
phosphorus availability was in the control diets significantly higher than in the PLANT diet, with no 
significant differences to the PAP diet. The manganese availability was in the PLANT diet significantly 
lower than in the control and PAP diet. 
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Table 6 Hepato-somatic index (n = 15 fish per diet), glycogen in wet tissue (n = 15 fish per diet) and lipid content in dry tissue (n = 5 tanks per 
diet) in the liver and muscle of juvenile turbot (Scophthalmus maxi- mus) fed the experimental diets for 16 weeks 

 
 Control PAP PLANT F P 

Hepato-somatic index 1.8 ± 0.3a 1.5 ± 0.3b 1.5 ± 0.3b 4.177 0.022 
Liver glycogen (mg g−1) 63.7 ± 23.9a 48.0 ± 17.2ab 46.4 ± 16.0b 3.666 0.034 
Liver lipid (mg g−1) 452.0 ± 56.5 486.6 ± 54.9 527.2 ± 64.8 2.044 0.172 
Muscle glycogen (mg g−1) 1.7 ± 0.7 1.8 ± 0.7 2.1 ± 0.7 1.411 0.255 
Muscle lipid (mg g−1) 64.3 ± 20.6 90.8 ± 37.4 77.0 ± 35.2 0.861 0.447 

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values are expressed as means ± SD; values 
with different letters within the same line are significantly different (p < 0.050), F and p values from one-way-ANOVA 
 

Table 7 Analysed concentrations on wet weight basis in the whole body and apparent availability (AA) of minerals and trace elements in turbot 
(Scophthalmus maximus) fed the experimental diets for 16 weeks (n = 5 tanks per diet) 

Calcium (Ca; g kg−1) 10.41 ± 2.16 10.02 ± 1.91 12.40 ± 2.25 1.832 0.202 
Potassium (K; g kg−1) 2.79 ± 0.35 3.02 ± 0.22 3.13 ± 0.48 1.061 0.376 
Magnesium (Mg; g kg−1) 0.33 ± 0.05 0.35 ± 0.02 0.39 ± 0.05 3.138 0.080 
Sodium (Na; g kg−1) 1.52 ± 0.21 1.63 ± 0.09 1.77 ± 0.20 2.305 0.142 
Phosphorus (P; g kg−1) 6.34 ± 1.22 6.48 ± 0.89 7.70 ± 1.21 2.254 0.147 
Ca/P ratio 1.64 ± 0.04 1.54 ± 0.08 1.61 ± 0.07 2.735 0.105 
Arsenic (As; g kg−1) 0.72 ± 0.09b 0.83 ± 0.10ab 0.91 ± 0.08a 5.642 0.019 
Copper (Cu; mg kg−1) 0.48 ± 0.06b 0.53 ± 0.02ab 0.60 ± 0.08a 4.288 0.021 
Iron (Fe; mg kg−1) 4.74 ± 0.7 7.37 ± 2.52 6.67 ± 1.12 3.430 0.066 
Manganese (Mn; mg kg−1) 13.25 ± 3.70 11.25 ± 1.59 15.27 ± 2.64 2.611 0.114 
Zinc (Zn; mg kg−1) 11.22 ± 1.22 11.35 ± 0.61 13.23 ± 1.85 3.608 0.059 
Apparent availability      
Calcium (Ca; %) 58.7 ± 14.9 45.6 ± 16.5 37.7 ± 25.8 1.451 0.273 
Potassium (K; %) 88.1 ± 1.2b 93.4 ± 1.1a 94.0 ± 0.9a 46.210 < 0.001 
Magnesium (Mg; %) − 61.7 ± 22.6a − 151.5 ± 37.6b − 142.1 ± 37.4b 10.992 0.002 
Sodium (Na; %) − 30.6 ± 37.5b 13.1 ± 19.2a 30.9 ± 5.5a 8.323 0.005 
Phosphorus (P; %) 88.1 ± 1.9a 78.7 ± 7.2ab 77.8 ± 7.1b 4.578 0.033 
Arsenic (As; %) 91.8 ± 2.0 90.4 ± 2.9 90.1 ± 2.1 0.751 0.493 
Copper (Cu; %) 62.4 ± 5.4a 36.0 ± 2.8b 41.9 ± 3.5b 58.949 < 0.001 
Iron (Fe; %) 46.9 ± 4.3a 17.4 ± 3.6b 17.7 ± 7.1b 52.347 < 0.001 
Manganese (Mn; %) 72.5 ± 11.5a 52.8 ± 7.3a 32.4 ± 23.5b 8.156 0.006 
Zinc (Zn; %) 46.0 ± 6.6 27.3 ± 15.9 26.2 ± 21.3 2.484 0.125 

Control commercial-like formulation, PAP processed animal protein, PLANT plant-based protein. Values are expressed as means ± SD, and values 
with different letters within the same line are significantly different (p < 0.05), F and p values from one-way ANOVA 

 

 

Discussion 
 

In the present study, the more sustainable feed formulations, in which fishderived ingredients were reduced 
by 20%, resulted in juvenile turbot with similar growth comparing to the control (commercial-type feed) 
group. This is congruent with literature where decreased growth and feed performance were observed when 
more than 30–35% of fishmeal was replaced by processed animal protein (Dong et al. 2016), insect meal 
(Kroeckel et al. 2012) and plant protein (Bian et al. 2017; Bonaldo et al. 2015; Burel et al. 2000a; Fournier 
et al. 2004; Hermann et al. 2016; von Danwitz et al. 2016). Nevertheless and not unexpected, compared to 
controls, fi that were fed the slightly leaner experimental diets were less capable of building up energy 
reserves as the hepato- somatic index (HSI) and the slightly lower liver glycogen show, possibly augmented 
by a slightly lower apparent digestibility of dietary protein (2%) and energy (3%) of the control diet 
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compared to the experimental diets. The fish in the PAP group had the poorest feed conversion, whereas 
other parameters showed no clear picture. In any case, the results of present study indicate that successful 
substitution of traditional fishmeal and fish oil can be achieved in turbot. It can further be speculated that 
an equal fraction of digestible energy contents between the different diets would have led to an even better 
similarity in fish performance between the diets of the GAIN project alternative formulations as it was 
shown with similar formulation in Gilthead seabream (Aragao et al. 2020). Even though the crude lipid 
content in the PLANT diet was 2% higher than in the control and PAP diet, a possible effect of this on the 
turbot can be negligible. The crude protein level (52%) used in present study is sufficiently high for turbot 
to minimise possible effect of the differing crude lipid level as previously observed in juvenile turbot 
(Sevgili et al. 2014). 

 

Growth and feed performance 
 

The relative growth rate (RGR) was similar between all groups, on average 1.27 ± 0.08% d−1 (n = 15 tanks) 
indicating that the different diets did not affect turbots’ energy allocation with respect to growth 
performance. In the present study, the RGR was higher by 0.01 percentage points compared to the specific 
growth rate (SGR), which is widely used in literature (i.e. Arnason et al. 2009; Bonaldo et al. 2011; Burel 
et al. 1996; Nagel et al. 2012). However, it is incorrect in concept to express the SGR as a percentage 
increase in daily weight, and therefore, the RGR is used instead (Hardy and Barrows 2003). The presented 
RGR results were lower than those of similar sized turbot based on the majority of available literature data 
(Arnason et al. 2009; Burel et al. 1996; Fuchs et al. 2015; Imsland et al. 1996; Nagel et al. 2017) but 
moderate to high compared to turbot in commercial RAS (Baer et al. 2011). 

The feed conversion ratio (FCR) and protein efficiency ratio (PER) were significantly better in the control 
than in the PAP group. However, the differences between the FCRs in all diets were small with a mean 
value of 0.90 ± 0.03 (n = 15), and the daily feed intake (DFI) was approximately 0.99% BW d−1 resulting 
in a RGR in the expected range (Burel et al. 1996). Furthermore, the turbot strain used in the present study 
might have a lower growth rate per se, as turbot exhibit counter gradient variation (Imsland et al. 2000). 
Strains from lower latitudes, such as France, show generally lower growth and feed efficiency compared to 
populations from higher latitudes, such as Norway and Iceland (Imsland et al. 2001). 

In present study, the differences in FCR might be overestimated due to the higher moisture content in the 
experimental diets compared to the control diet. The same pattern as for the FCR was observed in the protein 
efficiency ratio, with the highest value for the control, followed by PLANT and PAP. In line with literature, 
in the present study, the apparent digestibility coefficient (ADC) of protein in turbot decreased (> 90% in 
the control group with 450 g kg−1 fishmeal) when the fishmeal inclusion level is reduced (Bai et al. 2019; 
Bonaldo et al. 2011; Li et al. 2019; Liu et al. 2014b; Regost et al. 1999). When combining all feed 
performance indicators, the fish from the control group had the best performance followed by the PLANT 
group and the PAP group where fish showed the lowest performance. 

Even though the condition factor (CF) of turbot from the PLANT group showed statistically a difference to 
the control and PAP group (2.07 vs. 2.11 and 2.10, respectively), the physiological relevance is minor and 
does not indicate poorer nutritional status. CFs above 2 indicate an overall good nutritional status of the 
fish, as presented CFs are similar to values of in previous studies (Fuchs et al. 2015; Nagel et al. 2017; von 
Danwitz et al. 2016; Wanka et al. 2019; Weiß and Buck 2017). In previous studies, a reduced CF was 
observed in turbot fed with plant-based diets (Bonaldo et al. 2015) and insect meal-based diets (Kroeckel et 
al. 2012) at a substitution/replacement level of more than 55%. In line with present study, reduced CF in 
fish fed with different PAPs was not observed in previous studies for European sea bass (Campos et al. 
2017), Gilthead seabream (Karapanagiotidis et al. 2019) and rainbow trout (Lu et al. 2015). However, this 
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might be biased by a lack of studies on this feed ingredient. 

 

Nutritional and energy status 

 

In this study, fish from the control group had a significantly higher HSI than the fish from the two 
experimental groups (1.8 vs. 1.5 and 1.5, respectively). The HSI of the control group is good for juvenile 
turbot (Bonaldo et al. 2015; Dietz et al. 2012; Nagel et al. 2017). The hepatic glycogen of the control, PAP 
and PLANT fed turbot (63.7 mg g−1, 48.0 mg g−1 vs. 46.4 mg g−1, respectively) followed a similar pattern 
indicating a positive correlation between glycogen as energy reserve in a good nutritional status and the HSI 
(Guerreiro et al. 2015a; Liu et al. 2014a; Miao et al. 2016; Zeng et al. 2015). Hepatic glycogen serves in 
many fish species as an energy reserve, and high glycogen deposition leads to increased liver weight in 
many fish species (Hemre et al. 2002). The liver lipid content was not affected by the diet, which is in line 
to a study by Guerreiro et al. (2015b) on European seabass that were fed with plant protein compared to fish 
protein. The effects of the diet on the hepatic lipid content might be minor since turbot does not store excess 
dietary lipid in the liver or muscle (Leknes et al. 2012; Liu et al. 2014a; Regost et al. 2001). The muscle 
glycogen and lipid content were not affected by the diets, whereas the muscle glycogen (1.9 mg g−1, 
calculated for all animals, irrespective of diet group) was on the lower range of 1–12 mg g−1 compared to 
previous studies (Miao et al. 2016; Pichavant et al. 2002; Soengas et al. 1995). 

Considering the lower HSI and hepatic glycogen of the PAP and PLANT fed turbot, we can conclude that 
the experimental diets used in present study did alter the nutritional status of turbot to a certain degree 
without negatively affecting the growth. The decreased apparent digestibility of the experimental diets might 
have caused a reduced surplus on energy resulting in slightly smaller liver masses and thus HSI in PAP and 
PLANT fed tur- bot. Interestingly, it has been shown that the reduction and replacement of fishmeal with 
alternative feed ingredients could lead to contradicting results. Decreasing fishmeal content may lead to a 
decreased HSI (Bai et al. 2019; Gu et al. 2017; Kroeckel et al. 2012; von Danwitz et al. 2016; Wanka et al. 
2019), unchanged HSI (Bonaldo et al. 2015; Fuchs et al. 2015; Wang et al. 2016; Weiß and Buck 2017) or 
even increased HSI (Dietz et al. 2012; Fournier et al. 2004; Nagel et al. 2017). This aspect might be worth 
investigating in more detail to unravel the observed variation in HSI, hepatic glycogen and lipid dependent 
on alternative feed ingredients. 

 

Mineral balance, utilisation and availability 
 

The concentrations of calcium, potassium, sodium, phosphorus, iron  and  manganese were lower in the 
control diet than in the experimental diets. The type of fishmeal used can explain the elevated ash, calcium 
and phosphorus content in the experimental diets. Fishmeal from fish by-products has a higher ash content 
containing much calcium and phosphorus due to a higher content of bones compared to traditional fishmeal 
(Olsen and Hasan 2012). These differences, however, did not significantly affect the concentration of 
minerals and trace element in the whole body of turbot, which are similar to those of other species (see 
meta-analysis by Antony Jesu Prabhu et al. 2016). However, the manganese concentration was twice as high 
as the maximum described for different fish species (Antony Jesu Prabhu et al. 2016) and for turbot in RAS 
(van Bussel et al. 2014). This might be due to accumulation effects in the whole body, which was already 
described in turbot (Ma et al. 2015) and Atlantic salmon parr (Lorentzen et al. 1996). 

Even though there were no diet-dependent effects on the concentrations of calcium, arsenic and zinc, the 
apparent availability magnesium, copper and iron were significantly higher in the fish from the control 
group than in the fish fed with the experimental diets. Furthermore, the apparent availability of 
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phosphorus and manganese was significantly reduced in fish fed the plant-based diet compared to the fish 
fed the control. Potassium and sodium had a significantly reduced apparent availability in the fish fed the 
control compared to the fish fed the experimental diets. Substances such as phytate in plant-based feed 
ingredients are known to bind minerals and, thus, reduce the availability of phosphorus, iron and zinc in fish 
(Kumar et al. 2012). The inclusion of rape-seed in diets leads to a reduced availability of phosphorus, 
manganese, iron and zinc but increased copper availability in turbot (von Danwitz et al. 2016). The 
potassium and sodium availability was in general high and was significantly higher in fish fed the 
experimental diets than in the control group (93% and 94% in PAP and PLANT vs. 88% in control). In 
contrast, the potassium availability in rainbow trout was higher in the fishmeal-based diet than in the plant-
based diet (Antony Jesu Prabhu et al. 2015, 2018). Since the mineral concentrations in the whole body are 
similar in the fish from all experimental groups, it can be concluded that the mineral and trace element 
demand was sufficiently covered and that the elevated mineral concentration in the experimental diets was 
balanced by elevated excretion rates. 

 

Prediction of feed and production costs 
 

The present results of growth performance indicate that alternative feed formulations can be used in 
commercial aquaculture for juvenile turbot. Since feed costs are the largest cost factor in the production, 
small differences in the FCR can balance feed costs and could make more cost efficient formulations 
attractive. The animal-based formulation (PAP) presented in this study has a lower cost with a commercial 
margin than the commercial-like control formulation, whereas the plant protein formulation (PLANT) is 
more expensive (see Table 8). Taking this study’s FCRs into consideration, the feed costs to produce one 
ton of turbot is still lower with the PAP formulation than the control and the PLANT formulation. Feeding 
juvenile turbot with the PAP formulation could lead to a cost reduction of 10% compared to the control, 
whereas feeding the PLANT formulation would increase the costs by 12%. 

 

Conclusion 
 

The present study highlighted that fish by-products are a suitable replacement for commercial fishmeal and 
that protein sources derived from terrestrial plants or animals can replace 20% of the overall fish-derived 
ingredients without compromising growth performance and body composition of juvenile turbot. These 
findings are a promising start for further research to find the optimal replacement of marine ingredients, in 
order to ensure acceptable feed utilisation and deviations from nutritional status. Overall, the alternative diet 
formulations may produce leaner fish, which have the potential for muscle growth rather than adiposity, and 
the slightly lowered apparent digestibility of protein suggests that waste production within a commercial 
aquaculture system would not be much higher than with feeding the control diet. Furthermore, the feed 
formulation based on processed animal protein (PAP) seems to be an economical feasible alternative for 
juvenile turbot since the lower feed related production costs balance the slightly poorer feed conversion. 
Further studies on turbot in the grow-out phase will investigate how a higher fishmeal replacement will 
affect the performance. 

Besides the effects of the alternative feed formulations on fish performance, the economic and 
environmental benefits of the diets, the consumers’ acceptance of the diet formulations need to be 
considered. Alternative feed ingredients, sourced through circular economy processes, could be more 
environmentally sustainable (Maiolo et al. 2020) but may also increase production costs. Hereby 
particularly, insect and algae production could be included in an integrated multi trophic aquaculture 
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(IMTA) system, which reduces the environmental impact by recycling of nutrients (Barrington et al. 2009; 
Milhazes-Cunha and Otero 2017). Many consumers are concerned that feed ingredients, such as by-products 
from terrestrial animals, may not be safe (Glencross et al. 2020). Furthermore, they express the concern that 
the feed formulations with high levels of plant ingredients might not be species appropriate and impair the 
animal welfare of cultured fish (Feucht and Zander 2015). Therefore, in addition to the marketing of more 
sustainable aquaculture products in Europe, such socio-economic aspects need to be considered when 
developing new and innovative fish diets for commercial important fish species. 
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