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GENERAL INTRODUCTION 

 

The concern for fish welfare in aquaculture  

The global supply of aquacultural products is markedly increasing (FAO, 2020), which is mainly 

attributed to the ongoing demand for fish as an essential and high source of protein, and as a luxury 

food item. To this end, a large number of fish species are being held in diverse types of aquaculture 

systems (Tidwell and Allan, 2001). Alongside the increase of fish production and the intensity of the 

rearing conditions, concerns about and scientific studies into the welfare of farmed fish are on the 

rise (Manfrin et al., 2018; Barreto et al., 2021).  

In the light of the current absence of a universal definition, fish welfare may be described according 

to “tieŶ et al. ;ϮϬϭϯͿ as ͞the ƋualitǇ of life as peƌĐeiǀed ďǇ the aŶiŵal itself͟. Although the ability of 

fish for conscious awareness of subjective states has long been denied, it now plays a central role in 

the debate and regarding the concerns over fish welfare (Cottee, 2012). The ability of fish to suffer, 

as a central part of welfare considerations, is often discussed on the ability of fish to consciously feel 

pain. Research has provided evidence that fish have similar capacities for pain perception as those 

observed in warm-blooded animals (Sneddon et al., 2015). Electrophysiological examinations of the 

trigeminal nerve in fish identified nociceptors with C-fibers and A-delta fibers, which react to 

chemical, mechanical, and thermal stimuli (Sneddon, 2002; Sneddon, 2003; Sneddon et al., 2003). 

During nociception, the activation of different regions in the fish brain could be determined 

(Portavella et al., 2004; Dunlop and Laming, 2005; Sneddon, 2020). The telencephalon in fish is 

assumed to include several key functions that are homologous to those associated with pain and fear 

in higher vertebrates (Bradford, 1995; Chandroo et al., 2004; Portavella et al., 2004). Structures in 

the fish brain were found that potentially resemble the hippocampus and the amygdaloid complex of 

the mammalian limbic system, involved in memory and emotions, which potentially indicates that 

fish are capable of experiencing negative sensations of pain (Merker, 2007; Ito and Yamamoto, 2009; 

Ward, 2011; Schumacher et al., 2016). Fish show avoidance and/or defense behavior in response to a 

potentially painful stimulus, learn to avoid painful stimuli, and take decisions to avoid situations 

causing pain (Millsopp and Laming, 2008; Sneddon, 2013; Sneddon et al., 2014). As fish have opioid 

receptors and endogenous opioids in the brain, analgesics can successfully be administered to them 

(Buatti and Pasternak, 1981; Vecino et al., 1992; Mettam et al., 2011). The administration of 

dissolved painkillers in part of the water of a tank system showed that fish visited this area when 

they are potentially in pain, even though the area was strongly illuminated. Previously, and in the 

absence of the pain stimulus, an area equipped with plants and hiding places was preferred by the 

tested fish (Sneddon, 2012; Sneddon, 2020).  

Although the conscious perception of pain is questioned by some authors (Rose et al., 2014; Key et 

al., 2016) the highlighted findings are sufficiently robust to treat fish as sentient beings, even if some 

accept this as a precautionary approach only. Consciousness cannot be measured directly in animals, 

and locating structures for consciousness – even in the human brain – is very challenging (Merker, 

2007). However, the overall anatomical, physiological, and behavioral evidence indicates that fish can 

consciously experience pain and potentially other emotional states such as fear (Chandroo et al., 
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2004). Further, stress physiologically and behaviorally affect fish in similar ways as mammals and 

neurobehavioral similarities between fish and other vertebrates indicate fish to potentially have 

some capacity to experience psychological stress for instance with regard to social stress (Chandroo 

et al., 2004; Martins et al., 2012; Rey et al., 2015; Madaro et al., 2020). The likeliness of fish being 

sentient is also supported by the benefits a conscious perception can provide. The conscious 

perception of pain, stress, or unease for instance can lead to the avoidance of damage, the finding of 

valuable resources, and the improvement of fitness (Cabanac, 1992; Panksepp, 1998).  

While fish likely not have human-like emotional states, conscious sensations in fish could include, 

among others, the subjective experience of pain, temperature, comfort, and discomfort, as well as 

peƌĐeiǀed iŶŶeƌ states/ďasiĐ eŵotioŶs of ͞good oƌ ďad͟, oƌ ͞pleasaŶt oƌ uŶpleasaŶt͟ ;Volpato et al., 
2007). The acceptance of such findings as well as the ƌefleĐtioŶ of the ͞huŵaŶ-fish ƌelatioŶship͟ 
establishes the ethical imperative for considering and defining basic welfare requirements in 

aquaculture.  

As described by Stien et al. (2013) the welfare needs of fish can include, among others, respiration, 

nutrition, health, kinesis, behavior control, feeding, safety, protection, rest, social contact, 

exploration, and body care. Although welfare monitoring methods for aquaculture have been 

recommended, a continuous and reliable welfare monitoring is not yet commonplace or widespread 

(Barreto et al., 2021). Fish in aquaculture can be subject to multiple impairments and stressors, such 

as inappropriate stocking densities, water quality deficiencies, diseases, or inadequate handling 

procedures, including sorting, weighting, transport, and slaughter (Conte, 2004; Ashley, 2007; Noble 

et al., 2020). If fish are capable of suffering, their appropriate and species-specific treatment in 

aquaculture becomes obligatory and is increasingly demanded by consumers (Solgaard and Yang, 

2011; Pieniak et al., 2013; Feucht and Zander, 2016; Zander and Feucht, 2017), regulators, and non-

governmental organizations (Sudhaus and Walenda, 2013; Eurogroup for Animals, 2018). The 

welfare-minded farming of fish thus became a key issue for research institutes (Manfrin et al., 2018; 

Barreto et al., 2021), for European Union (EU) stakeholders (EU Platform on Animal Welfare Own 

Initiative Group on Fish, 2020), and federal and state ministries in Germany and other EU member 

countries (VDFF, 2016; NaTiMon/Lugert et al., 2021). The protection of fish has also been legislatively 

implemented in several Animal Welfare Acts, especially those of several European countries. Next to 

ethical and legal implications, the welfare of fish carries great economic importance. Managing stress 

and health is not only key to ensuring animal welfare but also facilitates and optimizes an 

economically successful production.  

Rainbow trout farming and legal welfare obligations in Germany  

Different fish species are cultivated in aquaculture, each having particular welfare requirements. 

Rainbow trout (Oncorhynchus mykiss) belong to the top 20 commercially important species, with an 

annual global aquaculture yield of 850,000 tons in 2018 (FAO, 2020), dominated by the aquaculture 

production in Chile and Turkey (FIZ, 2020). German aquaculture in 2020 yielded an approximate total 

of 18,600 tons of fish, one-third of which was rainbow trout (approx. 6,000 tons) that are primarily 

reared in flow through systems (FIZ, 2021). Flow through systems typically comprise one or more 

artificial or natural pools or channels, and provide a continuous influx of fresh water from rivers, 

springs, or wells, rendering them particularly suitable for high oxygen demanding species such as 

rainbow trout, whose natural habitat is clear, cool, and oxygen-rich waters (Rösch and Brinker, 2018). 
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The continuous water flow ensures a permanent oxygen supply and removal of feed residues, feces, 

and other metabolic products. Although the extensively used flow through systems do not greatly 

depend on technology, many trout farms aerate the water for a better oxygen supply and discharge 

of carbon dioxide. When needed, for instance during hot summers when water supplies might be 

limited, or even permanently, to enable higher stocking densities as commonly encountered in 

intensive production, water is supplemented with technical oxygen (Rösch and Brinker, 2018). 

Depending on availability, qualitatively different water sources and water exchange rates are applied. 

Compared to farms using surface water from rivers, farms with spring water have a lower risk of 

introducing pathogens into the system via the water and generally have more stable water 

parameters. Ground water, on the other hand, might require processing to be usable for fish tanks 

(e.g., oxygen supplementation, degassing of carbon dioxide; Rösch and Brinker, 2018). As open 

systems are in constant interaction with the surrounding environment, fluctuations in water quality, 

nutrient input from agriculture, the transmission of diseases, or, if tanks cannot be spanned with 

nets, predation can occur. Depending on the water quality and its expected fluctuations, higher or 

lower stocking densities can be applied.  

To ensure the adherence to minimum standards of fish welfare in German aquaculture, a series of 

regulations were imposed regarding e.g., housing, transport, stunning, and slaughter. The protection 

of animals (including fish) against unnecessary pain, suffering, and harm is mandated by § 1 of the 

German Animal Welfare Act (Tierschutzgesetz). In § 2 it is detailed that ͞AŶǇ peƌsoŶ keepiŶg, ĐaƌiŶg 
for or required to care for an animal: 1. must provide the animal with food, care and housing 

appropriate to its species, its requirements and behavior; 2. may not restrict the aŶiŵal͛s possibility 

of species-specific freedom of movement to such an extent as to cause the animal pain or avoidable 

suffering or harm; 3. must possess the knowledge and skills necessary for providing the animal with 

adequate food, care and housing in accordance with its behavioral requirements͟. To ensure that the 

requirements of § 2 of the German Animal Welfare Act are fulfilled, farmers must conduct self-

monitoring measures to evaluate the state of animal welfare on their farms, particularly by applying 

animal-related welfare indicators (German Animal Welfare Act, Sec. 11 (8)). However, control or 

direct sanction regulations are not (yet) linked to the regulation (Kleingeld, 2017; Berns and 

Kleingeld, 2021). Although guidelines for the practical implementation of self-monitoring by fish 

farmers are provided by the Registered Association of German Fisheries Administrators and Fisheries 

Scientists (VDFF, 2016; Kleingeld, 2017) the lack of regulation allows farmers to subjectively establish 

their own fish welfare indicators, and accordingly evaluate the welfare of their stock.  

Welfare concepts and fish welfare indicators 

Animal welfare as such can be divided into function-, feeling- and nature-based concepts (Fraser et 

al., 1997). Function-based welfare is achieved ǁheŶ the aŶiŵal͛s ďiologiĐal sǇsteŵs aŶd phǇsiologiĐal 
processes function well, and the specimens thus are healthy and well-nourished. Nature-based 

ǁelfaƌe is fulfilled ǁheŶ ƌeaƌiŶg ĐoŶditioŶs take aŶ aŶiŵal͛s iŶheƌeŶt Ŷatuƌe iŶto aĐĐouŶt aŶd eŶaďle 
the animal to act out its natural behaviors. While some of these behavioral patterns can provide 

welfare in aquaculture, others may be redundant as they can be a consequence of real natural 

environments (e.g., search for food, the threat of predation). The absence of these conditions and 

heŶĐe the ďehaǀioƌs aƌe thus Ŷot likelǇ to lead to suffeƌiŶg iŶ Đaptiǀe eŶǀiƌoŶŵeŶts ;ŠpiŶka, ϮϬϬϲͿ. 
Feeling-based welfare, which is based on the subjective states of an animal, is provided when the 



GENERAL INTRODUCTION 

 

 
4 

 

animal is free of negative experiences and emotions such as hunger, fear, and pain. In fish species, 

there are still many unknown aspects regarding their mental or emotional status (Kittilsen, 2013) and 

even if they are of extreme importance, the feeling- and nature-based approach can thus be difficult 

to assess which is why most welfare indicators still refer to the functional approach. However, the 

functional-, feeling- and nature-based concepts are often complementary (Mendl, 2001), and by 

applying the functional approach, it is anticipated to also avoid, at least to a certain extent, potential 

mental or psychological impairments in fish.  

Another well-kŶoǁŶ ĐoŶĐept of aŶiŵal ǁelfaƌe is that of the ͞Fiǀe Fƌeedoŵs͟, deǀeloped ďǇ the 
Farm Animal Welfare CouŶĐil ;FAWC, ϭϵϳϵͿ, iŶĐludiŶg ͞Fƌeedoŵ fƌoŵ huŶgeƌ aŶd thiƌst͟, ͞Fƌeedoŵ 
fƌoŵ disĐoŵfoƌt͟, ͞Fƌeedoŵ fƌoŵ paiŶ, iŶjuƌǇ aŶd disease͟, ͞Fƌeedoŵ to eǆpƌess Ŷoƌŵal ďehaǀioƌ͟, 

aŶd the ͞Freedom from fear aŶd distƌess͟. The Five Freedoms are however regarded as being 

insufficient as the welfare of animals is not just defined by the absence of suffering or the fulfilment 

of ďasiĐ Ŷeeds. FaƌŵiŶg ĐoŶditioŶs should thus pƌoǀide aŶiŵals ǁith a ͞good life͟ oƌ a ͞life worth 

liǀiŶg͟ ;FAWC, 2009), with negative experiences being minimized and opportunities to have positive 

experiences being provided (Mellor, 2016) without being under-challenging (allostasis concept; Korte 

et al., 2007). IŶ liǀestoĐk faƌŵiŶg, the ͞Welfaƌe QualitǇ®͟ pƌiŶĐiples ;adapted fƌoŵ the Fiǀe Fƌeedoŵs 
modelͿ of ͞good feediŶg͟, ͞good housiŶg͟, ͞good health͟, aŶd ͞speĐies-appƌopƌiate ďehaǀioƌ͟, aƌe 
commonly applied using different indicators (Keeling and Veissier, 2005; Blokhuis et al., 2008). To 

assess fish welfare in aquaculture, a plethora of on-farm (often also referred to as operational 

welfare indicators) and laboratory-based welfare indicators are available today (Noble et al., 2020), 

that consider both physical and behavioral needs (Stien et al., 2013).  

Laboratory-based indicators summarize those indicators that generally cannot be directly assessed 

on farms and due to the applied methods often make welfare assessments time-consuming and 

expensive. However, laboratory-based indicators are beneficial for gaining deeper insights into 

welfare by, for instance, measuring health and stress parameters (e.g., histopathological findings, 

cortisol measurements), which are closely linked to welfare. On-farm welfare indicators, which are 

practically assessable directly on farms, include among others, environmental (e.g., water supply and 

-exchange, water quality) and management parameters (e.g., stocking density, feeding regime), 

behavior (e.g., social-, foraging behavior) and the health of fish (e.g., morphological damage, 

diseases, growth parameters) and are presented for rainbow trout in a comprehensive report of 

Noble et al. (2020). To prevent welfare impairments of any kind in advance it is recommended to 

assess welfare indicators regularly and to follow good aquaculture practice guidelines and general 

recommendations of water quality for rainbow trout (van de Vis et al., 2012; CoGP, 2015; VDFF, 

2016; MuD, 2017; OIE, 2019; Noble et al., 2020; RSPCA, 2020; Wedekind et al., 2020). 

Application of fish welfare indices  

Many fish welfare indicators can effectively be measured in aquaculture settings (Noble et al., 2020). 

However, to be able to make a statement on the overall welfare of fish on a farm, indicators must be 

combined and interpreted by using a validated welfare index. The indicators in a welfare index are 

often weighted with regard to the severity of their impact on welfare. As the impact of indicators on 

welfare is based on literature and expert ratings, the gainful weighting of indicators is not a trivial 

task (Stien et al., 2013; Tschirren et al., 2021) and also requires ongoing research and expert debates.  



GENERAL INTRODUCTION 

 

 
5 

 

Studies assessing the stress level and health status of fish respective to different indicators are thus 

essential to define the weighting of indicators within the systematics of welfare indices. 

Furthermore, it is important for welfare indices to choose reliable and practicable welfare indicators 

and to consider differences regarding species-specific vulnerabilities and challenges posed by rearing 

systems and regions. The aim of applying a specific index (e.g., for farm self-monitoring or 

ĐeƌtifiĐatioŶ puƌposesͿ ǁill deteƌŵiŶe the eǆteŶt aŶd ŵethod. To gaiŶ the diffeƌeŶt stakeholdeƌs͛ 
aĐĐeptaŶĐe, the assessŵeŶt͛s tiŵe ƌeƋuiƌeŵeŶts aŶd eǆpeŶses, staŶdaƌdized saŵpliŶg ŵethods, aŶd 
the understanding and traceability of the calculations applied for a welfare index can be decisive 

factors (North et al., 2008; van de Vis et al., 2012). The application of welfare indices can be 

ďeŶefiĐial foƌ faƌŵs͛ self-monitoring, for use by veterinarians, and for certification and monitoring 

programs to compare welfare states between farms. Systematic and regular application of welfare 

indices can support standards and recommendations for optimal rearing conditions and 

consequently improve and stabilize welfare and also economic efficiency. 

While a variety of welfare indices exist in livestock farming (e.g., Welfare Quality Network, 2018) only 

a few indices are available to evaluate the welfare of different fish species (Stien et al., 2013; Müller-

Belecke, 2019; Gutierrez Rabadan et al., 2021; Tschirren et al., 2021). Folkedal et al. (2016) evaluated 

the ͞“almon Welfare Index Model͟ (SWIM 1.0; Stien et al., 2013), and concluded that there is a need 

for standardized sampling methods and further clarification of some welfare indicators. Due to their 

limited availability and unknown potential use by different stakeholders, the suitability of other 

available indices is still unknown. For rainbow trout (Oncorhynchus mykiss) in flow through systems, 

information on the practicability and reliability of different indicators/indicator groups in the use of 

welfare indices have only seldom been published (Tschirren et al., 2021: two farms assessed for 

rainbow trout in flow through systems; Müller-Belecke, 2019: no publication available).  

Aim of this study 

Scientific studies on the sentience of fish have amplified the demand to accurately quantify fish 

welfare. The implementation of comparable standard procedures for welfare assessments, such as 

welfare indices in aquaculture, is not only important for on-farm self-monitoring but also necessary 

for certification and monitoring programs to compare fish welfare reliably and reproducibly between 

farms. Aim of the study hence was to determine practicable and reliable on-farm welfare indicators, 

to analyse their impact on welfare, and based on those results develop a fish welfare evaluation 

index, that is quickly surveyed, easy to comprehend, and will provide a maximum and robust 

informative value. Rainbow trout (Oncorhynchus mykiss) during grow-out in flow through systems in 

Germany were chosen as the example species and scenario of this study. This was guided by the high 

importance of rainbow trout in German and worldwide aquaculture, and at the same time only 

limited information on the practicable and reliable application of welfare indices.  

Contribution of this thesis to current knowledge 

Based on the presented background, three research chapters are provided that investigate the 

reliability and practicability of on-farm indicators and their effects on the welfare of rainbow trout 

under different rearing conditions in flow through systems, resulting in the development of a fish 

welfare evaluation index.  
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All three chapters (Weirup et al., 2021, 2022a,b) are based on the same animals per farm, however, 

the farm numbers differ between the chapters due to the unequal amount of farms analyzed for 

different laboratory-based indicators. To compare the farm results between the chapters, see Table 

GI-1.  

Table GI-1 Comparison of farm numbers between Chapters I–III of this thesis. 

Chapter I  
(Weirup et al., 2021) 

Chapter II 
 (Weirup et al., 2022a) 

Chapter III 
 (Weirup et al., 2022b) 

Farm 1 Farm 1 Farm 1 
Farm 2 - Farm 2 
Farm 3 Farm 2 Farm 3 
Farm 4 Farm 3 Farm 4 
Farm 5 - Farm 5 
Farm 6 Farm 4 Farm 6 
Farm 7 Farm 5 Farm 7 
Farm 8 Farm 6 Farm 8 

- - Farm 9 
 

Chapter I is based on the assessment of scale cortisol as an indicator for long-term stress together 

with on-farm welfare indicators of rainbow trout and addresses the following research questions:  

 Do scale cortisol levels of rainbow trout reflect long-term stress due to different rearing 

conditions? 

 Do correlations exist between scale cortisol, rearing conditions and external damage?  

 What kind of impact do rearing conditions and external damage have on rainbow trout 

welfare?  

 

Chapter II focuses on the expression of stress and immune relevant genes of rainbow trout under 

different rearing conditions and addresses the following research questions:  

 Are there differences in the physiological responses of fish between farms? 

 Do correlations exist between gene expression, histopathological findings, and on-farm 

welfare indicators? 

 What are the main rearing conditions impacting fish welfare? 

 

Chapter III concentrates on the suitability of on-farm welfare indicators, presents the fish welfare 

evaluation index and addresses the following research questions:  

 Are environmental and management parameters, behavior and external damage relevant, 

reliable, and practicable on-farm indicators for the welfare assessment of rainbow trout in 

flow through systems?  

 What are suitable on-farm welfare indicators for rainbow trout in flow through systems 

based on findings of Chapter I and II?  

 How can the overall welfare of rainbow trout in flow through systems be assessed using a 

welfare evaluation index? 

 



GENERAL INTRODUCTION 

 

 
7 

 

References 

Ashley, P.J., 2007. Fish welfare: Current issues in aquaculture. Appl. Anim. Behav. Sci. 104, 199–235. 

https://doi.org/10.1016/j.applanim.2006.09.001. 

Barreto, M.O., Planellas, S.R., Yang, Y., Phillips, C., Descovich, K., 2021. Emerging indicators of fish 

welfare in aquaculture. Rev. Aquac. 14(1), 343–361. https://doi.org/10.1111/raq.12601. 

Berns, A.S., Kleingeld, D.W., 2021. Haltung von Fischen und aquatischen Wirbellosen. Beitrag des 

Niedersächsischen Landesamts für Verbraucherschutz und Lebensmittelsicherheit auf 

Aquakulturinfo.de. https://www.aquakulturinfo.de/fischhaltung. 

Blokhuis, H.J., 2008. International cooperation in animal welfare: the Welfare Quality® project. Acta 

Vet. Scand. 50(1), 10. https://doi.org/10.1186/1751-0147-50-S1-S10.  

Bradford, M.R., 1995. Comparative aspects of forebrain organization in the ray-finned fishes – 

touchstones or not. Brain Behav. Evol. 46, 259–274. https://doi.org/10.1159/000113278. 

Buatti, M.C., Pasternak, G.W., 1981. Multiple opiate receptors: phylogenetic differences. Brain Res. 

218, 400–405. https://doi.org/10.1016/0006-8993(81)91319-6. 

Cabanac, M., 1992. Pleasure – the common currency. J. Theor. Biol. 155, 173–200. 

https://doi.org/10.1016/s0022-5193(05)80594-6. 

Chandroo, K.P., Duncan, I.J.H., Moccia, R.D., 2004. Can fish suffer? Perspectives on sentience, pain, 

fear and stress. Appl. Anim. Behav. Sci. 86, 225–250. 

https://doi.org/10.1016/j.applanim.2004.02.004. 

CoGP, 2015. Scottish finfish aquaculture, Code of good practice, Chapter 2 – Freshwater Tanks, Ponds 

and Raceways. https://www.salmonscotland.co.uk/sites/default/files/inline-

images/o79eldMeGDDHqupipmVEYYVHiA9LtI0DzPdgGLFTCu4GDLsQqN.pdf 

Conte, F.S., 2004. Stress and the welfare of cultured fish. Appl. Anim. Behav. Sci. 86, 205–223. 

https://doi.org/10.1016/j.applanim.2004.02.003. 

Cottee, “.Y., ϮϬϭϮ. Aƌe fish the ǀiĐtiŵs of ͚speĐiesisŵ͛? A disĐussioŶ aďout feaƌ, pain and animal 

consciousness. Fish Physiol. Biochem. 38, 5–15. https://doi.org/10.1007/s10695-010-9449-9. 

Dunlop, R., Laming, P., 2005. Mechanoreceptive and nociceptive responses in the central nervous 

system of goldfish (Carassius auratus) and trout (Oncorhynchus mykiss). J. Pain 6, 561–568. 

https://doi.org/10.1016/j.jpain.2005.02.010. 

EU Platform on Animal Welfare Own Initiative Group on Fish, 2020. Guidelines on Water Quality and 

Handling for the Welfare of Farmed Vertebrate Fish (DOC.11068.2020 Rev.1). 

https://www.vdba.org/wp-content/uploads/2020/05/fishguidelines.pdf 

Eurogroup for Animals, 2018. Looking beneath the surface. Fish Welfare in European Aquaculture. 

https://www.eurogroupforanimals.org/files/eurogroupforanimals/2020-02/Fish-Welfare-in-

European-Aquaculture-2.pdf. 

https://doi.org/10.1016/j.applanim.2006.09.001
https://doi.org/10.1111/raq.12601
https://doi.org/10.1186/1751-0147-50-S1-S10
https://doi.org/10.1159/000113278
https://doi.org/10.1016/0006-8993(81)91319-6
https://doi.org/10.1016/s0022-5193(05)80594-6
https://doi.org/10.1016/j.applanim.2004.02.004
https://doi.org/10.1016/j.applanim.2004.02.003
https://doi.org/10.1007/s10695-010-9449-9
https://doi.org/10.1016/j.jpain.2005.02.010
https://www.vdba.org/wp-content/uploads/2020/05/fishguidelines.pdf


GENERAL INTRODUCTION 

 

 
8 

 

FAO, 2020. The state of world fisheries and aquaculture 2020. Sustainability in Action. Rome. 

https://doi.org/10.4060/ca9229en. 

FAWC, 1979. Farm Animal Welfare Council, Press Statement, December 5, 1979. 

https://webarchive.nationalarchives.gov.uk/ukgwa/20121010012428/http:/www.fawc.org.u

k/pdf/fivefreedoms1979.pdf. 

FAWC, 2009. Farm Animal Welfare in Great Britain: Past, Present and Future. 

www.fawc.org.uk/pdf/ppfreport091012.pdf.  

Feucht, Y., Zander, K., 2016. Aquaculture in the German print media. Aquacult. Int. 25, 1–19. 

https://doi:10.1007/s10499-016-0021-1. 

FIZ, 2020. Forelle. https://www.fischinfo.de/index.php/lexikon (accessed 14.12.2021). 

FIZ, 2021. Fischwirtschaft – Daten und Fakten 2021. 

https://www.fischinfo.de/images/broschueren/pdf/FIZ_DF_2021_4c_ES.pdf. 

Folkedal, O., Pettersen, J.M., Bracke, M.B.M., Stien, L.H., Nilsson, J., Martins, C.I.M., Breck, O., 

Midtlyng, P.J., Kristiansen, T.S., 2016. On-farm evaluation of the Salmon Welfare Index Model 

(SWIM 1.0): Theoretical and practical considerations. Anim. Welf. 25, 135–149. 

https://doi.org/10.7120/09627286.25.1.135. 

Fraser, D., Weary, D.M., Pajor, E.A., Milligan, B.N., 1997. A scientific conception of animal welfare 

that reflects ethical concerns. Anim. Welf. 3, 187–205. 

German Animal Welfare Act as amended by the announcement of May 18, 2006 (Federal Law 

Gazette (BGBI.) I, page 1206, 1313), last amended by Article 141 of the Act of March 29, 2017 

(BGBI. I, page 626). 

Gutierrez Rabadan, C., Spreadbury, C., Consuegra, S., Garcia de Leaniz, C., 2021. Development, 

validation and testing of an Operational Welfare Score Index for farmed lumpfish Cyclopterus 

lumpus L.. Aquaculture 531. https://doi.org/10.1016/j.aquaculture.2020.735777. 

Ito, H., Yamamoto, N., 2009. Non-laminar cerebral cortex in teleost fishes? Biol. Lett. 5, 117–121. 

https://doi.org/10.1098/rsbl.2008.0397. 

Keeling, L., Veissier, I., 2005. Developing a monitoring system to assess welfare quality in cattle, pigs 

and chickens. In: Butterworth, A. (Ed.), Science and society improving animal welfare. 

Welfare Quality conference proceedings 17/18 November 2005, Brussels, Belgium, pp. 46–
50.  

Key, B., 2016. Why fish do not feel pain. Anim. Sentience 3. https://doi.org/10.51291/2377-

7478.1011.  

Kittilsen, S., 2013. Functional aspects of emotions in fish. Behav. Process. 100, 153–159. 

https://doi.org/10.1016/j.beproc.2013.09.002. 

https://doi.org/10.4060/ca9229en
http://www.fawc.org.uk/pdf/ppfreport091012.pdf
https://doi:10.1007/s10499-016-0021-1
https://www.fischinfo.de/index.php/lexikon
https://doi.org/10.7120/09627286.25.1.135
https://doi.org/10.1016/j.aquaculture.2020.735777
https://doi.org/10.1098/rsbl.2008.0397
https://doi.org/10.51291/2377-7478.1011
https://doi.org/10.51291/2377-7478.1011
https://doi.org/10.1016/j.beproc.2013.09.002


GENERAL INTRODUCTION 

 

 
9 

 

Kleingeld, D.W., 2017. Tierwohlindikatoren in der Aquakultur. Niedersächsisches Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit. https://docplayer.org/81597866-

Tierschutzindikatoren-in-der-aquakultur.html (accessed 21.01.2022). 

Korte, S.M., Olivier, B., Koolhaas, J.M., 2007. A new animal welfare concept based on allostasis. 

Physiol. Behav. 92, 422–428. http://dx.doi.org/10.1016/j.physbeh.2006.10.018. 

Lugert, V., Retter, K., Teitge, F., Steinhagen, D., Reiser, S., 2021. Tierwohlindikatoren Aquakultur - 

Haltung, Transport und Schlachtung. In: Projektkonsortium Nationales Tierwohl-Monitoring 

(NaTiMon) 2021: Literaturdatenbank Tierwohlindikatoren. Darmstadt: Kuratorium für 

Technik und Bauwesen in der Landwirtschaft. 

Madaro, A., Kristiansen, T.S., Pavlidis, M.A., 2020. How Fish Cope with Stress? In: Kristiansen, T., 

Fernö, A., Pavlidis, M., van de Vis, H. (Eds.), The Welfare of Fish. Animal Welfare 20, Springer, 

Cham., pp. 251–281. ISBN: 9783030416751. 

Manfrin, A., Messori, S., Arcangeli, G., 2018. Strengthening fish welfare research through a gap 

analysis study. SCAR FISH and SCAR CWG Animal Health and Welfare Research. 

Martins, C.I., Galhardo, L., Noble, C., Damsgård, B., Spedicato, M.T., )upa, W., BeauĐhaud, M., KulĐzǇ‐
kowska, E., Massabuau, J.C., Carter, T., Planellas, S.R., Kristiansen, T., 2012. Behavioural 

indicators of welfare in farmed fish. Fish Physiol. Biochem. 38(1), 17–41. 

http://dx.doi.org/10.1007/s10695-011-9518-8. 

Melloƌ, D.J., ϮϬϭϲ. UpdatiŶg AŶiŵal Welfaƌe ThiŶkiŶg: MoǀiŶg ďeǇoŶd the ͞Fiǀe Fƌeedoŵs͟ toǁaƌds 
͞A Life Woƌth LiǀiŶg͟. AŶiŵals ϲ, Ϯϭ. https://doi.org/10.3390/ani6030021. 

Mendl, M., 2001. Animal husbandry: Assessing the welfare state. Nature 410, 31–32. 

https://doi.org/10.1038/35065194. 

Merker, B., 2007. Consciousness without a cerebral cortex: A challenge for neuroscience and 

medicine. Behav. Brain Sci. 30(1), 63–134. https://doi.org/10.1017/S0140525X07000891. 

Mettam, J.J., Oulton, L.J., McCrohan, C.R., Sneddon, L.U., 2011. The efficacy of three types of 

analgesic drugs in reducing pain in the rainbow trout, Oncorhynchus mykiss. Appl. Anim. 

Behav. Sci. 133(3), 265–274. https://doi.org/10.1016/j.applanim.2011.06.009. 

Millsopp, S., Laming, P., 2008. Trade-offs between feeding and shock avoidance in goldfish (Carassius 

auratus). Appl. Anim. Behav. Sci. 113, 247–254. 

https://doi.org/10.1016/j.applanim.2007.11.004. 

MuD, 2017. Empfehlungen zur Betäubung und Schlachtung von Regenbogenforellen. Modell-und 

Demonstrationsvorhaben Tierschutz. https://www.mud-

tierschutz.de/uploads/tx_bleinhaltselemente/2017-02-

09_TiHo2016_Brochuere_Forelle_RZ_A5_06__4_.pdf. 

Müller-Belecke, A., 2019. Presseinformation. Aquakultur: Neues Analyseinstrument für mehr 

Tierwohl. Bundesamt für Landwirtschaft und Ernährung, Bonn, Germany, 2019. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ve

https://docplayer.org/81597866-Tierschutzindikatoren-in-der-aquakultur.html
https://docplayer.org/81597866-Tierschutzindikatoren-in-der-aquakultur.html
http://dx.doi.org/10.1016/j.physbeh.2006.10.018
http://dx.doi.org/10.1007/s10695-011-9518-8
https://doi.org/10.3390/ani6030021
https://doi.org/10.1038/35065194
https://doi.org/10.1017/S0140525X07000891
https://doi.org/10.1016/j.applanim.2011.06.009
https://doi.org/10.1016/j.applanim.2007.11.004
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwihu63Xt8X1AhXxQ_EDHVInB8QQFnoECA4QAQ&url=https%3A%2F%2Fwww.ble.de%2FSharedDocs%2FDownloads%2FDE%2FPressemitteilungen%2F2019%2F191015_Aquakultur.pdf%3F__blob%3DpublicationFile%26v%3D2&usg=AOvVaw1KHiVbM1HkeAjb9vweSg7L


GENERAL INTRODUCTION 

 

 
10 

 

d=2ahUKEwihu63Xt8X1AhXxQ_EDHVInB8QQFnoECA4QAQ&url=https%3A%2F%2Fwww.ble.d

e%2FSharedDocs%2FDownloads%2FDE%2FPressemitteilungen%2F2019%2F191015_Aquakul

tur.pdf%3F__blob%3DpublicationFile%26v%3D2&usg=AOvVaw1KHiVbM1HkeAjb9vweSg7L 

(accessed 11.12.2021). 

Noble, C., Gismervik, K., Iversen, M.H., Kolarevic, J., Nilsson, J., Stien, L.H., Turnbull, J.F., 2020. 

Welfare Indicators for farmed rainbow trout: tools for assessing fish welfare. ISBN: 978-82-

8296-620-7. 

North, B.P., Ellis, T., Knowles, T., Bron, J., Turnbull, J.F., 2008. The Use of Stakeholder Focus Groups to 

Identify Indicators for the on-Farm Assessment of Trout Welfare. In: Branson, E.J. (Ed.), Fish 

Welfare. Blackwell Publishing, London, pp. 243–267. ISBN-10: 140514629X.  

OiE, 2019. Aquatic Animal Health Code, 2019. https://www.oie.int/en/standard-

setting/aquaticcode/access-online/ (accessed 04.11.2021). 

Panksepp, J., 1998. Affective Neuroscience: The Foundations of Human and Animal Emotion. OUP, 

New York. 

Pieniak, Z., Vanhonacker, F., Verbeke, W., 2013. Consumer knowledge and use of information about 

fish and aquaculture. Food Policy 40, 25–30. https://doi.org/10.1016/j.foodpol.2013.01.005. 

Portavella, M., Torres, B., Salas, C., 2004. Avoidance Response in Goldfish: Emotional and Temporal 

Involvement of Medial and Lateral Telencephalic Pallium. J. Neurosci. 24(9), 2335–2342. 

https://doi.org/10.1523/JNEUROSCI.4930-03.2004. 

Rey, S., Huntingford, F.A., Boltaña, S., Vargas, R., Knowles, T.G., Mackenzie, S., 2015. Fish can show 

emotional fever: stress-induced hyperthermia in zebrafish. Proc. Biol. Sci. 282. 

https://doi.org/10.1098/rspb.2015.2266. 

Rösch, R., Brinker, A., 2018. Verfahren der Forellenproduktion. In Schäperclaus W, Lukowicz M.v. 

(Eds.), Lehrbuch der Teichwirtschaft. 5. aktualisierte Auflage, Eugen Ulmer KG Stuttgart, pp. 

384–442. ISBN-10: 9783800156887. 

Rose, J.D., Arlinghaus, R., Cooke, S.J., Diggles, B.K., Sawynok, W., Stevens, E.D., Wynne, C.D.L., 2014. 

Can fish really feel pain? Fish Fish. 15(1), 97–133. https://doi.org/10.1111/faf.12010. 

RSPCA, 2020. Welfare standards for farmed rainbow trout. ISBN: 978-0-901098-20-7. 

Schumacher, S., Burt de Perera, T., Thenerta, J., von der Emdea, G., 2016. Cross-modal object 

recognition and dynamic weighting of sensory inputs in a fish. Proc. Natl. Acad. Sci. 113(27), 

7638–7643. https://doi.org/10.1073/pnas.1603120113. 

Sneddon, L.U., 2002. Anatomical and electrophysiological analysis of the trigeminal nerve in a teleost 

fish, Oncorhynchus mykiss. Neurosci. Lett. 319, 167–171. https://doi.org/10.1016/s0304-

3940(01)02584-8. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwihu63Xt8X1AhXxQ_EDHVInB8QQFnoECA4QAQ&url=https%3A%2F%2Fwww.ble.de%2FSharedDocs%2FDownloads%2FDE%2FPressemitteilungen%2F2019%2F191015_Aquakultur.pdf%3F__blob%3DpublicationFile%26v%3D2&usg=AOvVaw1KHiVbM1HkeAjb9vweSg7L
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwihu63Xt8X1AhXxQ_EDHVInB8QQFnoECA4QAQ&url=https%3A%2F%2Fwww.ble.de%2FSharedDocs%2FDownloads%2FDE%2FPressemitteilungen%2F2019%2F191015_Aquakultur.pdf%3F__blob%3DpublicationFile%26v%3D2&usg=AOvVaw1KHiVbM1HkeAjb9vweSg7L
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwihu63Xt8X1AhXxQ_EDHVInB8QQFnoECA4QAQ&url=https%3A%2F%2Fwww.ble.de%2FSharedDocs%2FDownloads%2FDE%2FPressemitteilungen%2F2019%2F191015_Aquakultur.pdf%3F__blob%3DpublicationFile%26v%3D2&usg=AOvVaw1KHiVbM1HkeAjb9vweSg7L
https://doi.org/10.1016/j.foodpol.2013.01.005
https://doi.org/10.1523/JNEUROSCI.4930-03.2004
https://doi.org/10.1098/rspb.2015.2266
https://doi.org/10.1111/faf.12010
https://doi.org/10.1073/pnas.1603120113
https://doi.org/10.1016/s0304-3940(01)02584-8
https://doi.org/10.1016/s0304-3940(01)02584-8


GENERAL INTRODUCTION 

 

 
11 

 

Sneddon, L.U., 2003. Trigeminal somatosensory innervation of the head of the rainbow trout with 

particular reference to nociception. Brain Res. 972, 44–52. https://doi.org/10.1016/s0006-

8993(03)02483-1. 

Sneddon, L.U., 2012. Clinical Anesthesia and Analgesia in Fish. J. Exot. Pet Med. 21(1), 32–43. 

https://doi.org/10.1053/j.jepm.2011.11.009. 

Sneddon, L.U., 2013. Do painful sensations and fear exist in fish. In: van der Kemp, T.A., Lachance, M. 

(Eds.), Animal suffering: From science to law, international symposium, Toronto, Canada. 

Sneddon, L.U., 2015. Pain in aquatic animals. J. Exp. Biol. 218, 967–976. 

https://doi.org/10.1242/jeb.088823. 

Sneddon, L.U., 2020. Can fish experience pain? In: Kristiansen, T.S., Fernö, A., Pavlidis, M.A., van de 

Vis, H. (Eds.), The Welfare of fish. Animal Welfare 20, Springer, Cham., pp. 229-250. ISBN: 

9783030416751. 

Sneddon, L.U., Braithwaite, V.A., Gentle, M.J., 2003. Do fishes have nociceptors? Evidence for the 

evolution of a vertebrate sensory system. Proc. Royal Soc. B. 270(1520), 1115–1120. 

https://doi.org/10.1098/rspb.2003.2349. 

Sneddon, L.U., Elwood, R.W., Adamo, S.A., Leach, M.C., 2014. Defining and assessing animal pain. 

Anim. Behav. 97, 201–212. https://doi.org/10.1016/j.anbehav.2014.09.007. 

Solgaard, H.S., Yang, Y., 2011. CoŶsuŵeƌs͛ peƌĐeptioŶ of faƌŵed fish aŶd ǁilliŶgŶess to paǇ foƌ fish 
welfare. Brit. Food J. 113, 997–1010. https://doi.org/10.1108/00070701111153751. 

ŠpiŶka, M., ϮϬϬϲ. Hoǁ iŵpoƌtaŶt is Ŷatuƌal ďehaǀiouƌ iŶ aŶiŵal faƌŵiŶg sǇsteŵs. Appl. AŶiŵ. Behaǀ. 
Sci. 100, 117–128. https://doi.org/10.1016/J.APPLANIM.2006.04.006. 

Stien, L.H., Bracke, M.B., Folkedal, O., Nilsson, J., Oppedal, F., Torgersen T., Kittilsen, S., Midtlyng, P., 

Øverli Ø., Kristiansen, T.S., 2013. Salmon Welfare Index Model (SWIM 1.0): A semantic model 

for overall welfare assessment of caged Atlantic salmon: Review of the selected welfare 

indicators and model presentation. Rev. Aquacult. 5, 33–57. https://doi.org/10.1111/j.1753-

5131.2012.01083.x. 

Sudhaus, S., Walenda, I., 2013. Aquakultur Fisch für alle? Bund für Umwelt und Naturschutz 

Deutschland. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjl7K

mf9tf1AhUTS_EDHb4hBZYQFnoECAIQAQ&url=https%3A%2F%2Fwww.bund-

sh.de%2Ffileadmin%2Fsh%2FMaterialien%2FHintergrund%2F2013-10-

24_Aquakultur_Hintergrund.pdf&usg=AOvVaw2D0DMEKU5RI1KY-EEmKuF_(accessed 

14.12.2021). 

Tidwell, J.H., Allan, G.L., 2001. Fish as food: aquaculture's contribution. Ecological and economic 

impacts and contributions of fish farming and capture fisheries. EMBO reports 2(11), 958–
963. https://doi.org/10.1093/embo-reports/kve236. 

https://doi.org/10.1016/s0006-8993(03)02483-1
https://doi.org/10.1016/s0006-8993(03)02483-1
https://doi.org/10.1053/j.jepm.2011.11.009
https://doi.org/10.1242/jeb.088823
https://doi.org/10.1098/rspb.2003.2349
https://doi.org/10.1016/j.anbehav.2014.09.007
https://doi.org/10.1108/00070701111153751
https://doi.org/10.1016/J.APPLANIM.2006.04.006
https://doi.org/10.1111/j.1753-5131.2012.01083.x
https://doi.org/10.1111/j.1753-5131.2012.01083.x
https://doi.org/10.1093/embo-reports/kve236


GENERAL INTRODUCTION 

 

 
12 

 

Tschirren, L., Bachmann, D., Güler, A.C., Blaser, O., Rhyner, N., Seitz, A., Zbinden, E., Wahli, T., Segner, 

H., Refardt, D., 2021. MyFishCheck: A Model to Assess Fish Welfare in Aquaculture. Animals 

11, 145. https://doi.org/10.3390/ani11010145. 

van de Vis, J.W., Poelman, M., Lambooij, E., Begout, M.-L., Pilarczyk, M., 2012. Fish welfare assurance 

system: initial steps to set up an effective tool to safeguard and monitor farmed fish welfare 

at a company level. Fish Physiol. Biochem. 38, 243–257. https://doi.org/10.1007/s10695-011-

9596-7. 

VDFF, ϮϬϭϲ. ͞AŶiŵal Welfaƌe IŶdiĐatoƌs͟ GuideliŶes ǁith ƌeĐoŵŵeŶdatioŶs foƌ the iŵpleŵeŶtatioŶ 
of self-monitoring in accordance with Sec. 11 (8) of the German Animal Welfare Act in 

aƋuaĐultuƌe estaďlishŵeŶts. ͞AŶiŵal Welfaƌe IŶdiĐatoƌs͟ WoƌkiŶg Group of the Verband 

Deutscher Fischereiverwaltungsbeamter und Fischereiwissenschaftler e.V. (Registered 

Association of German Fisheries Administration and Fisheries Scientists). 

Vecino, E., Ekstrom, P., Sharma, S.C., 1991. Enkephalin-like immunoreactive cells in the 

mesencephalic tegmentum project to the optic tectum in Salmo gairdneri and Salmo salar. 

Cell Tissue Res. 264, 133–137. https://doi.org/10.1007/BF00305731. 

Volpato, G.L., Gonçalves-de-Freitas, E., Fernandes-de-Castilho, M., 2007. Insights into the concept of 

fish welfare. Dis. Aquat. Org. 75, 165–171. https://doi.org/10.3354/dao075165. 

Ward, L.M., 2011. The thalamic dynamic core theory of conscious experience. Conscious. Cogn. 20(2), 

464–86. https://doi.org/10.1016/j.concog.2011.01.007. 

Wedekind, H., Harrer, D., Geiser, M., Kraus, G., 2020. Practical and legal aspects of transporting live 

fish. Information of the Bavarian State Research Center for Agriculture (LfL) 

https://www.aquaculture-welfare-standards.net/downloads/LfL_brochure-

transporting_live_fish. 

Weirup, L., Rebl, A., Schulz, C., Seibel, H., 2022a. Gene expression profiling supports the welfare 

evaluation of rainbow trout (Oncorhynchus mykiss) reared under different environmental 

and management conditions in six commercial flow through systems. Aquaculture 557. 

https://doi.org/10.1016/j.aquaculture.2022.738310. 

Weirup, L., Schulz, C., Seibel, H., 2022b. Fish welfare evaluation index (fWEI) based on external 

morphological damage for rainbow trout (Oncorhynchus mykiss) in flow through systems. 

Aquaculture 556. https://doi.org/10.1016/j.aquaculture.2022.738270. 

Weirup, L., Schulz, C., Seibel, H., Aerts, J., 2021. Scale cortisol is positively correlated to fin injuries in 

rainbow trout (Oncorhynchus mykiss) reared in commercial flow through systems. 

Aquaculture 543. https://doi.org/10.1016/j.aquaculture.2021.736924. 

Welfare Quality Network, 2018. Assessment Protocols. http://www.welfarequality.net/en-

us/reports/assessment-protocols/ (accessed 14.12.2021). 

)aŶdeƌ, K., FeuĐht, Y., ϮϬϭϳ. CoŶsuŵeƌs͛ WilliŶgŶess to PaǇ foƌ “ustaiŶaďle “eafood Made iŶ Euƌope. 
J. Int. Food Agribus. 30(3), 251–275. https://doi.org/10.1080/08974438.2017.1413611.

https://doi.org/10.3390/ani11010145
https://doi.org/10.1007/s10695-011-9596-7
https://doi.org/10.1007/s10695-011-9596-7
https://doi.org/10.1007/BF00305731
https://doi.org/10.3354/dao075165
https://doi.org/10.1016/j.concog.2011.01.007
https://www.aquaculture-welfare-standards.net/downloads/LfL_brochure-transporting_live_fish
https://www.aquaculture-welfare-standards.net/downloads/LfL_brochure-transporting_live_fish
https://doi.org/10.1016/j.aquaculture.2022.738310
https://doi.org/10.1016/j.aquaculture.2022.738270
https://doi.org/10.1016/j.aquaculture.2021.736924
http://www.welfarequality.net/en-us/reports/assessment-protocols/
http://www.welfarequality.net/en-us/reports/assessment-protocols/
https://doi.org/10.1080/08974438.2017.1413611


CHAPTER I 

 

 
13 

 

CHAPTER I 

 

Scale cortisol is positively correlated to fin injuries in rainbow trout 

(Oncorhynchus mykiss) reared in commercial flow through systems 
 

Lina Weirup
a,b

, Carsten Schulz
a,b

, Henrike Seibel
a,b

, Johan Aerts
c,d 

 

aFraunhofer Research Institution for Individualized and Cell-Based Medical Engineering (IMTE), 

Aquaculture and Aquatic Resources, Hafentörn 3, 25761 Büsum, Germany 
bInstitute of Animal Breeding and Husbandry, Kiel University, Hermann-Rodewald-Strasse 6, 24118 

Kiel, Germany 
cStress Physiology Research Group, Faculty of Sciences, Ghent University, Wetenschapspark 1, 8400 

Ostend, Belgium 
dStress Physiology Research Group, Animal Sciences Unit, Flanders Research Institute for Agriculture, 

Fisheries and Food, Wetenschapspark 1, 8400 Ostend, Belgium 

 

 

 

 

 

 

 

 

 

 

 

Modified version of the article published under:  

Weirup, L., Schulz, C., Seibel, H., Aerts, J., 2021. Scale cortisol is positively correlated to fin injuries in 

rainbow trout (Oncorhynchus mykiss) reared in commercial flow through systems. Aquaculture 543. 

https://doi.org/10.1016/j.aquaculture.2021.736924.  

https://doi.org/10.1016/j.aquaculture.2021.736924


CHAPTER I 

 

 
14 

 

Abstract 

Suboptimal environmental and management conditions on a farm can lead to (chronic) stress and 

can result in external morphological damage, which both can have deleterious effects on fish 

performance and welfare. This study is the first to investigate a potential correlation between 

chronic stress and the occurrence of external morphological damage in rainbow trout (Oncorhynchus 

mykiss) reared in commercial flow through systems. To quantify chronic stress levels among fish in 

eight different farms, scales of 10 fish per farm were sampled for scale cortisol analysis using 

UPLC-MS/MS. The external morphological damage of fish that was measured included damage to the 

eyes, skin, and fins, as well as deformities and emaciation. Further, the influence of the 

environmental (water supply, duration of a total water exchange in the tank, water quality) and 

management conditions (average stocking density, feeding frequency) on chronic stress levels and 

external morphological damage was assessed. The measured eye- and skin damage, deformities, and 

emaciation occurred less frequently, while fin injuries were common and differed significantly in 

severity between farms. The results obtained from all fish across the studied farms showed a highly 

positive correlation between scale cortisol levels and total fin injury. A limited water supply, -supply 

per kg fish and -exchange as well as higher stocking densities and feeding frequencies resulted in a 

comparably reduced water quality as indicated by correlations with lower oxygen levels, higher levels 

of nitrogen compounds, higher temperature, and turbidity. After conducting a principal component 

analysis, multiple linear regression models showed that scale cortisol was mainly predicted by total 

fin injury, temperature and the pH, ammonia, and nitrite component. Total fin injury was majorly 

predicted by the environmental/management component concerning water supply, -supply per kg 

fish, and -exchange duration as well as by stocking density, scale cortisol, the pH, ammonia, and 

nitrite component, and feeding frequency. The findings on scale cortisol levels indicated that fin 

injuries are an important welfare issue and a suitable on-farm welfare indicator. Higher scale cortisol 

levels and higher prevalence and severity of fin injuries, which are both directly and indirectly 

iŶflueŶĐed ďǇ faƌŵs͛ eŶǀiƌoŶŵeŶtal aŶd ŵaŶageŵeŶt ĐoŶditioŶs, aƌe iŶdiĐative for impaired welfare 

and support the necessity of reducing chronic stress and the occurrence of fin injuries in aquaculture 

settings. 

Keywords: Aquaculture, Welfare, Scale cortisol, Fin injuries, Rainbow trout 
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1. Introduction 

The globally increasing demand for fish has resulted in a significant intensification of aquaculture 

worldwide, which generated considerable concerns and debates regarding the welfare of fish. 

Consumers in many (European) countries increasingly favor locally produced fish reared in a 

sustainable and welfare-minded aquaculture setting and critically question intensive forms of 

aquaculture (Solgaard and Yang, 2011; Feucht and Zander, 2016). Rainbow trout (Oncorhynchus 

mykiss) belongs to the top 20 commercially produced species in global aquaculture (FAO, 2020), with 

many countries producing rainbow trout in flow through systems (Rico et al., 2016). Flow through 

systems, as for instance seen in Germany, are known to differ significantly in environmental and 

management conditions such as tank design, water supply, -exchange, -velocity and -quality, stocking 

density, feed and feeding frequencies, and handling practices. Suboptimal environmental and 

management conditions can determine the occurrence of among others (chronic) stress and external 

morphological damage (Wedemeyer, 1996; Iwama et al., 1997; Ellis et al., 2002, 2008 and 2012; 

Noble et al., 2012 and 2020). 

Teleost fish facing stressful stimuli respond by the activation of the hypothalamus-pituitary-

chromaffin axis, which stimulates the liberation of catecholamines, followed by the activation of the 

hypothalamus-pituitary-interrenal (HPI) axis, resulting in the release of cortisol in the blood 

(Wendelaar Bonga, 1997; Barton, 2002). To cope with this altered situation, cortisol stimulates 

different physiological adaptations (Sapolsky et al., 2000). Cortisol is a generally accepted biomarker 

for stress in fish (Sadoul and Geffroy, 2019) and is often referred to in welfare assessments (Ellis et 

al., 2012; Noble et al., 2020). However, increased plasma cortisol levels only represent a snapshot of 

HPI axis (re)activity and, as such, of acute stress in fish, and is prone to sampling bias (Wendelaar 

Bonga, 1997; Martínez-Porchas et al., 2009). Short-term plasma cortisol increases are a reaction to 

acute stressors and can be beneficial, while long-term elevations as observed in chronic stress can 

result in exhaustion of the stress response and a reduced fish performance, reduced reproduction, 

increased susceptibility to disease, higher mortality, and a generally decreased welfare (Iwama et al., 

1997; Barton, 2002; Schreck and Tort, 2016). As cortisol accumulates in elasmoid scales of teleost 

fish, scale cortisol provides a retrospective view on cortisol excretion (Aerts et al., 2015), and was 

shown to be a suitable biomarker for chronic stress in various species (Aerts et al., 2015; Laberge et 

al., 2019; Hanke et al., 2019 and 2020). The determination of scale cortisol is thus a promising tool to 

assess fish welfare from a stress physiological point of view. 

In addition to (chronic) stress, suboptimal environmental and management conditions can result in 

external morphological damage of the eyes, skin, and fins, and in deformities and emaciation of fish 

(Noble et al., 2012; Stien et al., 2013; Noble et al., 2020). Fin injuries are especially common in 

aquaculture, and as they impact fish performance and health, they are generally accepted as an 

indicator for the impaired welfare of fish (Latremouille, 2003; Ellis et al., 2008; Noble et al., 2012; 

Klíma et al., 2013; Stien et al., 2013; Noble et al., 2020). The impact of fin injuries on welfare depends 

on the severity, type, and the number of fins injured, as the latter significantly impact swimming 

ability, increase energy demand, reduce growth, increase susceptibility to infection, and can even 

result in mortality (Latremouille, 2003; Ellis et al., 2008; Noble et al., 2012). As fins consist of 

nociceptive tissue, fin injuries can also cause a potential sensation of pain and/or discomfort (Roques 

et al., 2010; Sneddon, 2015). Although skin and fin tissue and fin rays can heal, glucocorticoids such 
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as cortisol induced by stress due to suboptimal conditions (e.g., stocking density) can slow down or 

even inhibit the healing process (Roubal and Bullock, 1988; Sveen et al., 2018). Other examples of 

factors that inhibit the healing process are poor water quality or secondary bacterial infections 

(Turnbull et al., 1996; Wedemeyer, 1996; Ellis et al., 2008). In this context, fin injuries in rainbow 

trout have been addressed in various studies (Latremouille, 2003; Ellis et al., 2008; Klíma et al., 2013; 

Cvetkovikj et al., 2015; Klíma et al., 2018). 

To achieve optimized welfare conditions in aquaculture, this study is part of a larger, comprehensive 

project that assesses the welfare of rainbow trout in flow through systems in Germany. The 

ƌelatioŶship ďetǁeeŶ aŶ aŶiŵal͛s ĐoŶditioŶ ǁith ƌegaƌd to stƌess ďǇ its eŶǀiƌoŶŵeŶt/its ƌeaƌiŶg 
conditions in aquaculture and studies directly investigating effects of external morphological damage 

such as fin injuries on welfare are of great interest in this context (Ellis et al., 2008; Laberge et al., 

2019). Hence, this study aimed to assess a potential correlation between chronic stress (scale 

cortisol) and external morphological damage, and to determine the influence of environmental and 

management conditions on chronic stress and external morphological damage, and consequently on 

welfare in general. 

2. Materials and methods  

2.1. Experimental design  

Eight flow through systems stocked with rainbow trout (all females of about 18 months) during grow-

out were selected. The farms differed in terms of their geographic location in Germany and their 

eŶǀiƌoŶŵeŶtal aŶd ŵaŶageŵeŶt ĐoŶditioŶs. The diffeƌeŶĐes iŶ the faƌŵs͛ eŶǀiƌoŶŵental and 

management conditions included, among others, the tank design, water supply, and stocking density. 

The welfare assessment and tissue sampling from fish of a single tank per farm was performed from 

14 May to 3 June 2019. Data on environmental and management conditions was provided by the 

farmers and the water quality was analyzed on-site. IŶ the Đouƌse of eaĐh faƌŵ͛s dailǇ ŵaŶageŵeŶt, 
fish were caught simultaneously using a large net and were transferred to smaller portable tanks 

using landing nets. Sampled fish were euthanized using manual percussive stunning, blood sampled 

(osmolality; n = 10), and then killed by cutting the spinal cord in accordance with national ethical 

guidelines and regulations (Section 8a (1) No. 3b German Animal Welfare Act; § 12 Ordinance on the 

Protection of Animals in Connection with Slaughter or Killing; Implementation of Council Regulation 

(EC) No 1099/2009, Animal Protection Slaughter Ordinance). The fish were subsequently examined 

for external morphological damage (n = 10) and sampled for ontogenetic scales (scale cortisol; n = 

10). 

2.2 Sampling and analyses 

Water quality 

Water was sampled during the morning hours (between 08.50 h and 10.30 h), once at the inlet and 

outlet of the tank. Oxygen, pH, and temperature were determined with an OxyGuard Handy Polaris 

(OxyGuard International A/S, Denmark). Ammonium, nitrite, and nitrate (Permachem Reagents, Hach 

Lange GmbH, Düsseldorf) levels were analyzed using a spectrophotometer (Hach DR2800, Hach 

Lange GmbH, Düsseldorf). Turbidity was measured with a turbidity meter (Extech TB400, Extech 
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Instruments, Boston, USA). Ammonia was calculated based on the measured ammonium 

concentration, pH, and temperature according to Emerson et al. (1975).  

Condition factor 

Total weight and total leŶgth of the fish ǁeƌe ƌeĐoƌded, afteƌ ǁhiĐh the FultoŶ͛s ĐoŶditioŶ faĐtoƌ K 
was calculated using the following formula: K = total weight (g)/total length³ (cm) * 100. 

Osmolality 

Blood that was sampled from the caudal vein was centrifuged for 1 min at 600 x g after which plasma 

was transported on dry ice and stored at -80 °C until 50 µL was analyzed with an osmometer 

(Gonotec- Osmomat 3000, Salm en Kipp, Breukelen, The Netherlands). 

Scale cortisol 

Fifty ontogenetic scales per fish were sampled, always on the same location of the left flank and 

dorsal to the lateral line, transported on dry ice, and stored at -20 °C. After removal of the mucus, dry 

scales were weighed and homogenized using PowerBead tubes (ceramic 2.8 mm, Qiagen) in a bead 

ruptor (PowerLyzer 24, Qiagen). Extraction, ultra-purification, and subsequent ultra-performance 

liquid chromatography coupled to tandem mass spectrometry analysis (UPLC-MS/MS; Xevo TQS, 

Waters, Milford, USA) were performed as described in Aerts et al. (2015). 

External morphological damage 

External morphological damage, recorded by a single and always the same observer across farms, 

included eye damage (hemorrhages, cataract, exophthalmia), skin injuries (hemorrhages, skin, and 

snout wounds), deformities (operculum shortage, vertebral and upper and lower jaw deformities), 

and emaciation. The severity of each indicator was scored using severity grades (SG) ranging from SG 

0 to SG 3 (SG 0 = no evidence of the indicator; SG 1 = minor evidence of the indicator; SG 2 = 

moderate evidence of the indicator; SG 3 = strong evidence of the indicator), according to and partly 

revised after photographic images by Noble et al. (2018). Cataract scoring was assessed as presented 

by Noble et al. (2018) based on photos by Bass and Wall (Undated) and adapted to severity grades 

SG 0 to SG 3 as follows: SG 0 = SG 0; SG 1 = SG 1; SG 2 and SG 3 = SG 2; SG 4 = SG 3. Total eye damage 

was calculated as the sum of the severity grade given per indicator for both eyes, whereby 18 was 

the highest theoretical score for a fish. Total skin injury was calculated as the sum of the severity 

grade given per indicator, whereby 9 was the highest theoretical score for a fish. Total deformities 

were calculated as the sum of the severity grade given per indicator and for operculum shortage per 

side, whereby 15 was the highest theoretical score for a fish. For emaciation, the highest theoretical 

score was 3 per fish. Fin injuries were recorded for all rayed fins comprising pectoral left, pectoral 

right, dorsal, caudal, anal, and pelvics (two pelvic fins were scored but reported as one) and graded 

with severity grades ranging from SG 0 to SG 5 (SG 0 = intact fin; SG 1 = minimal degree of tissue loss; 

SG 2 = minor degree of tissue loss; SG 3 = moderate degree of tissue loss; SG 4 = severe degree of 

tissue loss; SG 5 = almost no fin remaining), according to photographic images by Hoyle et al. (2007). 

Overall, the total fin injury was calculated as the sum of the severity grade given per fin type, 

whereby the highest theoretical fin injury was set at 30 per fish. Additionally, the number of injured 

fins per fish was calculated to describe how many of the six different fins (pectoral left, pectoral 
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right, dorsal, caudal, anal, and pelvic fins) per fish were impaired by injury, whereby 6 was the 

highest theoretical number of injured fins per fish.  

2.3 Statistical analyses 

Statistical analyses was performed using IBM® SPSS® Statistics Version 20. To test for differences 

between farms, the normality of distribution and homogeneity of variances were analyzed using the 

Shapiro Wilk Test and Levene Test. Extreme physiological outliers were excluded for Osmolality 

(581.0 mOsmol/kg) and scale cortisol (1.074 µg/kg). Differences between fish length, weight, 

condition factor, and osmolality of various farms were examined using Analysis of Variances (ANOVA) 

and TukeǇ͛s HSD Test to test for multiple comparisons among means. For ordinal and/or non-

normally distributed data, including scale cortisol and external damage (emaciation, total 

deformities, total eye damage, total skin injury, total fin injury, pectoral fin left, pectoral fin right, 

dorsal fin, caudal fin, anal fin, and pelvic fins), differences between farms were analyzed using 

Kruskal-Wallis for independent samples, followed by either Bonferroni (scale cortisol) or the Median 

Test ;eǆteƌŶal daŵageͿ to test foƌ ŵultiple ĐoŵpaƌisoŶs aŵoŶg ŵeaŶs/ŵediaŶs. “peaƌŵaŶ͛s ƌho ǁas 
applied to test for bivariate correlations of all variables across all farms (n = 80), hereby ensuring that 

potential overestimations of very high or low values could be excluded. To summarize and thereby 

reduce variables, a principal component analysis (PCA) was conducted separately on 

environmental/management conditions and for water quality parameters. Baƌtlett͛s Test of 
Sphericity and the Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO) were conducted to test 

if the variables were suitable for factor analysis. PCA was conducted using Varimax rotation. To 

determine the major influences on scale cortisol and total fin injury variance, the resulting PCA 

environmental/management, and water quality component and variables that could not be 

summarized within PCA were applied in stepwise multiple linear regression. Histograms, P-P Plots, 

and Scatterplots were created to visually assess the data and case-wise diagnostics were used to 

achieve normally distributed residues. ANOVA was used to analyze if the independent variables 

predicted the dependent variable significantly and adjusted R² was analyzed to determine the 

goodness-of-fit for the overall model. To determine statistical significance, p ≤ 0.05 was applied in all 

tests. 

3. Results 

3.1 Farŵs’ environmental and management conditions  

The differences iŶ the studied faƌŵs͛ eŶǀiƌoŶŵeŶtal aŶd ŵaŶageŵeŶt ĐoŶditioŶs iŶĐludiŶg taŶk 
design, water supply, and -exchange, stocking density, and feeding frequency as provided by the 

farmers are shown in Table I-1. 
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Table I-1 Environmental and management parameters of the sampled tank per farm. 

 

Farm 

1 2 3 4 5 6 7 8 

Tank volume [m³] 300 85 1,000 115 500 210 30 500 

Tank material* concrete concrete concrete concrete 

concrete/ 

stone 

soil/ 

stone concrete soil 

Predator impact** no possible no no no possible no no 

Water supply [L/s] 3 3 55 50 8 100 40 7 

Water supply per kg fish [L/h] 154 2,160 39,600 1,800 960 45,000 2,400 2,800 

Duration of a total water 

exchange [h] 28 8 1 5 17 1 0.2 20 

Average stocking density 

[kg/m³] 70 5 5 100*** 30 8 60 9 

Feeding frequency [times/day] 12 1 6 3 36 1 4 1 

*Tank material of the walls and bottom consisted of concrete or soil (pond) or a mixture including stones. **Predator 
impact describes if the tank was covered by nets or if predator attacks were possible. ***Stocking density at sampling and 
three weeks prior to sampling at 150 kg/m³.  

3.2 Water quality 

The water quality parameters were compared to overall recommended levels determined by the 

VDFF (2016; Recommended ranges: temperature = 4–18 °C; O2 outlet = > 6 mg/L; pH = 6–8; NH4
+ = < 

0.5 mg/L; NH3 = < 0.01 mg/L; NO2- = < 0.5 mg/L). The pH of the water from Farm 4 (Inlet = 5.69; 

Outlet = 5.92) was below the recommended ranges. The levels of ammonium were well above 

recommended ranges on Farm 5 (Inlet = 0.75 mg/L; Outlet = 1.23 mg/L) and slightly so on Farm 1 

(Inlet = 0.51 mg/L) and Farm 7 (Inlet = 0.52 mg/L), although the pH and ammonia were within 

recommended ranges. The ammonium levels from Farms 1, 2, 3, and 7 showed a decrease from the 

inlet to the outlet. The temperature was above recommended ranges in the water on Farm 8 (Inlet = 

19.7 °C; Outlet = 19.8 °C). For water quality values, see Supplementary Material, Table I-S1. 

3.3 Differences in morphometric data, osmolality, scale cortisol, and external morphological 

damage of fish between farms 

The results derived from fishes from various farms concerning their length, weight, condition factor, 

osmolality, scale cortisol, and external morphological damage are shown in Table I-2. The lowest 

levels of scale cortisol in Farm 3 significantly differed from those observed in fish from Farm 5 and 

Farm 8. The prevalence of the measured eye and skin damage, deformities, and emaciation occurred 

less frequently, while fin injuries were common. Up to a significantly different extent, fin injuries 

were present in sampled fish from all farms, with pectoral, caudal, and dorsal fins generally being 

more severely affected than anal and pelvic fins. The total fin injury was lowest in Farm 6 and Farm 3, 

which both significantly differed from Farms 1, 4, 5, and 8. Furthermore, total fin injury in fish from 

Farm 7 significantly differed from those sourced from Farms 4 and 5. 
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Table I-2 Morphometric data, osmolality, and scale cortisol with mean and standard deviation, and 

external morphological damage with median and median absolute deviation of 10 fish per farm.  

 Farm 

  1 2 3 4 5 6 7 8 

Fish total length 

[cm] 

36.2 ± 

2.5a 

30.9 ± 

1.2c 

33.5 ± 

1.3bc 

33.9 ± 

1.6ab 

33.4 ± 

1.5bc 

33.3 ± 

3.2bc 

30.8 ± 

1.2c 

34.4 ± 

1.9ab 

Fish total weight 

[g] 

591.1 ± 

92.4a 

324.1 ± 

39.8c 

415.8 ± 

69.7bc 

423.5 ± 

57.3bc 

444.5 ± 

60.4bd 

428.9 ± 

111.2bd 

350.3 ± 

35.6cd 

513.3 ± 

97.2ab 

Condition factor 

[K]  

1.3 ± 

 0.2a 

1.1 ±  

0.1b 

1.1 ±  

0.1b 

1.1 ±  

0.1b 

1.2 ± 

0.1abc 

1.1 ± 

0.1bc 

1.2 ± 

0.1abc 

1.2 ±  

0.1ac 

Osmolality 

[mOsmol/kg] 

324.1 ± 

9.4abc 

322.3 ± 

4.5bc 

331.3 ± 

7.1ab 

323.9 ± 

6.6abc 

327.2 ± 

5.6abc 

334.3 ± 

4.7a 

323.9 ± 

7.4abc 

319.7 ± 

11.4c 

Scale cortisol 

[µg/kg] 

0.035 ± 

0.037ab 

0.017 ± 

0.014ab 

0.008 ± 

0.007a 

0.016 ± 

0.015ab 

0.033 ± 

0.014b 

0.017 ± 

0.019ab 

0.012 ± 

0.007ab 

0.032 ± 

0.012b 

Emaciation 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 

Deformities 

[total] 2 ± 1a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 

Eye damage 

[total] 2 ± 2a 0 ± 0ab 0 ± 0b 0 ± 0ab 0 ± 0ab 0 ± 0b 0 ± 0b 0 ± 0b 

Skin injury 

[total] 1 ± 1abc 0 ± 0bc 0 ± 0c 2 ± 1a 0 ± 0ac 0 ± 0bc 0 ± 0bc 1 ± 0b 

Fin injury [total] 9 ± 2bc 9 ± 2abc 4 ± 1a 13 ± 2b 12 ± 1b 2 ± 1a 6 ± 2ac 10 ± 1bc 

Pectoral fin left 2 ± 1bc 2 ± 1abc 1 ± 0ac 2 ± 0b 3 ± 1b 1 ± 1a 2 ± 0bc 2 ± 1b 

Pectoral fin right  2 ± 1bc 1 ± 1ac 1 ± 0a 3 ± 1b 3 ± 0b 1 ± 0a 2 ± 0abc 3 ± 1bc 

Dorsal fin  2 ± 1b 3 ± 1b 1 ± 0ab 3 ± 0b 2 ± 0ab 1 ± 0a 2 ± 1ab 2 ± 1ab 

Caudal fin  3 ± 1b 2 ± 0ab 1 ± 1ac 3 ± 1b 3 ± 0b 0 ± 0a 1 ± 1ac 2 ± 0bc 

Anal fin  0 ± 0ab 1 ± 0ab 0 ± 0b 1 ± 0a 0 ± 0ab 0 ± 0b 0 ± 0b 1 ± 1ab 

Pelvic fins  0 ± 0c 0 ± 2abc 0 ± 0bc 1 ± 0a 1 ± 0ab 0 ± 1bc 0 ± 0c 0 ± 0bc 

Significant differences between farms are represented by different letters. 

3.4 Correlations across all farms 

The correlation coefficient (rs) and significance level of the correlations between scale cortisol, total 

fin injury, fin injuries per fin type, and environmental and management conditions for all fish 

sampled from all eight farms (n = 80), are shown in the Supplementary Material, Table I-S2.  

Environmental and management conditions 

Lower water supply and -exchange were positively correlated to outlet water ammonium/ammonia, 

nitrite, nitrate, pH, turbidity, and temperature, and negatively correlated to oxygen water content 

(Supplementary Material, Table I-S2). Stocking density was positively correlated to 

ammonium/ammonia, nitrite, nitrate, turbidity, and oxygen in the outlet water (Supplementary 

Material, Table I-S2; Pure oxygen was permanently applied in farms with densities above 10 kg/m³ 

and on Farm 8). The feeding frequency was positively correlated to ammonium/ammonia, nitrite, 

nitrate, and temperature in the outlet water (Supplementary Material, Table I-S2).  
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Scale cortisol and external morphological damage 

The results show a highly positive correlation between scale cortisol and total fin injury, which was 

also reflected in the number of injured fins per fish, with scale cortisol increasing along with the 

number of fins injured (Supplementary Material, Table I-S2). A similar trend of scale cortisol and total 

fin injury is also shown in Figure I-1. Eye- and skin injuries, deformities, and emaciation were not 

significantly correlated to scale cortisol. 

      

Figure I-1 Per farm a) scale cortisol in µg/kg; b) total fin injury. The number of fish per farm is n = 10 
(for graphical reasons only, Figure I-1 a: Farm 1 n = 8 and Farm 8 n = 9). Boxplots display fifty percent 
of the observations and the lower and upper quartile with the median (black line). Whiskers show 
the range of data and the extent to the most extreme observation. 
 
3.5 Major impacts on scale cortisol and total fin injury 

 

The PCA conducted on environmental and management variables resulted in a single component of 

the duration of a total water exchange in the tank, water supply, and water supply per kg fish, 

accounting for 80 % of the total variance, KMO = .572, Bartlett-Test Chi-Quadrat(3) = 155.747, p = 

.000. The PCA conducted on water quality variables resulted in a single component of pH, ammonia, 

and nitrite, accounting for 67 % of the total variance, KMO = .527, Bartlett-Test Chi-Quadrat(3) = 

86.677, p = .000. Pearson correlation showed that the environmental/management component was 

highly correlated to the water quality component (r = -.560, p = .000).  

Including both PCA components and the remaining variables (average stocking density, feeding 

frequency, oxygen, temperature, nitrate, turbidity, condition factor, osmolality, and scale 

cortisol/total fin injury), stepwise multiple linear regression showed that scale cortisol was 

significantly influenced by total fin injury, temperature, and the water quality component (pH, 

ammonia, nitrite), F(3,69) = 18.144, p = .000, which accounted for 44 % (R² = .441, adjusted R² = .416) 
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of the variance (Table I-3). Total fin injury were influenced by the environmental/management 

component (duration of a total water exchange, water supply, water supply per kg fish), the water 

quality component (pH, ammonia, nitrite), average stocking density, scale cortisol, and feeding 

frequency, F(5,66) = 29.193, p = .000, accounting for 69 % (R² = .689, adjusted R² = .665) of the 

variance (Table I-4). As the environmental/management variables duration of a total water exchange 

and water supply/-supply per kg fish have opposing signs, the interpretation regarding the 

environmental/management component in the multiple linear regression (Table I-4) is that the 

shorter the duration of a total water exchange in the tank and the higher the water supply/-supply 

per kg fish, the lower the scale cortisol and the lower the total fin injury. 

Table I-3 Multiple linear regression of scale cortisol and predictors. 

Dependent Variable: Scale cortisol [µg/kg].  

Table I-4 Multiple linear regression of total fin injury and predictors. 

Dependent Variable: Fin injury [total].  

4. Discussion 

4.1 Condition factor and osmolality 

The mean condition factors per farm were indicative of a normal nutritional status in rainbow trout 

(Noble et al., 2020). Mean plasma osmolality per farm, as a potential indicator of an acute stress 

response (McDonald and Milligan, 1997) was similar to reported ranges (Taylor et al., 2007). The 

condition factor and plasma osmolality showed no influence on scale cortisol or total fin injury. 

However, relating scale cortisol or total fin injury to acute stress is difficult to interpret, as plasma 

osmolality underlies compensatory and highly variable mechanism influenced by many internal and 

external factors (McDonald and Milligan, 1997).  

 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

 Model B Std. Error Beta 

(Constant) -.028 .009 
 

-3.192 .002 

Fin injury [total] .011 .003 .382 4.077 .000 

Temperature [°C] .002 .001 .327 3.113 .003 

pH*Ammonia [mg/L]*Nitrite [mg/L] .003 .001 .221 2.175 .033 

 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

 Model B Std. Error Beta 

(Constant) 5.260 .543 
 

9.687 .000 

Duration of a total water exchange [h]*Water 

supply [L/s]*Water supply per kg fish [L/h] 
-2.181 .331 -.605 -6.589 .000 

pH*Ammonia [mg/L]*Nitrite [mg/L] -1.040 .309 -.287 -3.369 .001 

Average stocking density [kg/m³] .028 .008 .258 3.591 .001 

Scale cortisol [µg/kg] 61.290 19.547 .251 3.136 .003 

Feeding frequency [times/day] .070 .024 .229 2.908 .005 
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4.2 External morphological damage 

The occurrence of eye and skin damage, as well as deformities and emaciation, were rare across the 

studied farms and not positively correlated to scale cortisol. However, even though the prevalence 

was low it should not be ruled out that these indicators could potentially occur in relation to stress.  

4.3 Scale cortisol is positively correlated to fin injuries 

In this study, the significant positive correlation of scale cortisol and total fin injury observed, and 

their mutual influence seen in the regression model indicates that the occurrence of fin injuries and 

stress can be associated with each other. Scale cortisol findings, therefore, support the observation 

of fin injuries as being a highly relevant welfare issue and -indicator on farms. A combined effect of 

injuries occurring in relation to stress or vice versa potentially amplifies the effect on welfare, 

compared to stress or fin injuries occurring in isolation. Further, the significant influence of 

environmental and management conditions, including water quality, observed on both scale cortisol 

and fin injuries, highlight the impact of the rearing conditions on the stress levels and external 

appearance of fish and, therefore, on their general level of welfare. 

While environmental and management parameters have previously been shown to affect scale 

cortisol levels (Hanke et al., 2019 and 2020), this is the first study to identify a correlation between 

scale cortisol and fin injuries. As the determination of scale cortisol is a new tool for the 

quantification of chronic stress, the available literature on the subject is scarce. Considering the 

literature on plasma cortisol, a positive correlation between fin injuries and plasma cortisol was 

described by Gregory and Wood (1999), who observed that cortisol-treated (implants) fish exhibit 

more fin injuries. The findings of Gregory and Wood (1999) indicated that stress-induced de novo 

synthesized cortisol may be involved in the development of fin injuries and further substantiates the 

validity of scale cortisol as a biomarker for chronic stress (Aerts et al., 2015). 

Scale cortisol quantifies the level of stress over time (Aerts et al., 2015). The cortisol synthesis is 

induced by both non-stress (e.g., circadian rhythmicity) and stress-related situations (Ellis et al., 

2012; Sadoul and Geffroy, 2019), and can vary between individuals, thereby reflecting a given coping 

style (Koolhaas et al., 1999; Øverli et al., 2007). As a consequence, the variability in scale cortisol 

between individual fish from the same farm is indicative of the ability of individual fish to cope with 

the conditions on that farm, including but not limited to, for instance, social interactions or potential 

predation on some farms. Despite the variability in stress responses between individuals and the 

small sample size of only 10 fish per farm, a highly significant positive correlation between scale 

cortisol and fin injuries was observed. 

Fin injuries and their appearance in terms of severity and acuteness are a result of recent and 

historical damage, and of healing and regrowth (Turnbull et al., 1996). In most cases, the cause of fin 

injuries is considered to be multifactorial although it is mainly induced by abrasion, nipping, and 

biting due to aggressive behavior and/or poor water quality (Latremouille, 2003; Ellis et al., 2008; 

Klíma et al., 2013; Cvetkovikj et al., 2015). Fin injuries caused by, for instance, prolonged biting or 

abrasion on a tank wall can be considered as a stressor and as such will result in (re)activation of the 

HPI axis, releasing cortisol into the blood and thereby enabling behavioral changes. If flight or 

avoidance is not possible in the artificial rearing unit, this may lead to chronic stress and thereby to 
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long-term elevated plasma cortisol reflected in higher scale cortisol levels. Ellis et al. (2008) assume 

stress in salmonids to be a secondary cause of fin injuries, as glucocorticoids such as cortisol have 

been shown to affect skin structure and the rate of dermal repair (Roubal and Bullock, 1988; Iger et 

al., 1995; Sveen et al., 2018) and to increase susceptibility towards bacterial and fungal infections 

(Pickering and Pottinger, 1985 and 1989). Long-term detrimental effects of stress, mediated by 

cortisol, can compromise the ability of fish to cope with additional stressors (Barton et al., 1987). 

Variation in the healing of fin tissue due to stress and/or suboptimal environmental and 

management conditions could indicate why fish from some farms were observed to have only very 

mild abrasions and lower scale cortisol levels, while fish from other farms showed more severe 

injuries and higher scale cortisol levels. 

4.4 Limited water supply, -supply per kg fish and -exchange as well as reduced water quality are 

positively correlated to scale cortisol and fin injuries 

Sufficient water supply and -exchange are important to ensure good water quality and hence the 

health and performance of fish such as rainbow trout (MacIntyre et al., 2008; Good et al., 2009). In 

this study, lower water supply, -supply per kg fish and -exchange as well as higher stocking densities 

and feeding frequencies were observed to result in a comparably reduced water quality, as shown by 

correlations with lower oxygen levels, higher levels of nitrogen compounds, and higher temperature 

and turbidity. The environmental/management and water quality components resulting from PCA 

analyses were also highly correlated with each other.  

Scale cortisol and total fin injury were both influenced by nitrogen compounds and the findings 

concerning a lower water exchange correlating to higher fin injuries were in accordance with those of 

other studies (Good et al., 2009), whereby a reduced water quality was shown to trigger fin injuries 

(Wedemeyer, 1996; Good et al., 2009), in particular in terms of ammonia levels (Bosakowski and 

Wagner, 1994b; North, 2004). Bosakowski and Wagner (1994b) observed that fin injuries in rainbow 

trout hatcheries were correlated to higher ammonia levels, lower alkalinities, and higher stocking 

densities, although the exact mechanism of the direct influences of ammonia on fin injuries was not 

clear. While nitrogen compounds can cause a stress response, these also depend on a plethora of 

other factors, such as the level and duration of the exposure, pH, temperature, and oxygen (Russo 

and Thurston, 1991; Tomasso, 1994; Randall and Tsui, 2002; Kroupova et al., 2005). Although the 

ammonia and nitrite concentrations in this study were within the recommended ranges (VDFF, 

2016), the single measurement of water quality cannot provide any information on potential 

fluctuations in water quality parameters. The temperature was one of the major influences on scale 

cortisol levels and was observed to be a stressor in Hanke et al. (2019), who quantified the scale 

cortisol levels in milkfish (Chanos chanos). As a cold-water species, rainbow trout could potentially 

have been stressed by higher temperatures, among others depending on the duration of exposure 

and oxygen availability (Noble et al., 2020). Fin injuries in relation to a higher temperature were 

described by Winfree et al. (1998) but were not correlated in this study.  

It is difficult to determine whether water quality or a certain water quality parameter comprises a 

primary cause of fin injuries. For instance, Kindschi et al. (1991) observed that fish isolated in outlet 

water did not show fin injuries. Further studies are thus needed to determine the effects of water 

quality parameters on the occurrence of stress and fin injuries. Since water quality parameters were 

mainly within recommended ranges, the prevalence and severity of fin injuries and levels of scale 
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cortisol could potentially indicate that water quality parameters fluctuated significantly over time 

and that the snapshot provided by the single water sampling is not representative of the long-term; 

or that recommended ranges of water quality parameters are suboptimal as they potentially resulted 

in increased chronic stress and did not prevent fin injuries; or that other parameters or the 

accumulated effect of different parameters influenced the occurrence of stress and fin injuries, 

including other water quality parameters such as gas pressure (Weitkamp and Katz, 1980), bacterial 

load with e.g., Aeromonas spp. (Wedemeyer, 1996; Latremouille, 2003), nutritional supply 

(Latremouille, 2003), tank design (see section 4.5), feeding management (see section 4.5), stocking 

density (see section 4.5), or water velocity (see section 4.5). 

4.5 Feeding frequency, stocking density, and water velocity in relation to scale cortisol and fin 

injuries  

While the use of tank materials and designs such as concrete raceways have been implicated by 

Bosakowski and Wagner et al. (1995) in causing increased injuries to pectoral, ventral, caudal, and 

anal fins compared to rainbow trout reared on cobble substrate, this study did not observe any effect 

of the tank material on fin injuries. Instead, it is assumed that abrasion of fins occurred upon contact 

with tank bottoms and walls or other fish due to close proximity induced by insufficient space during 

feeding or at high stocking densities (Purser and Hart, 1991; Ellis et al., 2002) and/or by tank 

hǇdƌodǇŶaŵiĐs ;‘oƋue d͛OƌďĐastel et al., ϮϬϬϵͿ.  

In this study, the feeding frequency influenced fin injuries and was described as being a result of 

aggregation, competition, and random fin biting occurring more frequently along with higher feeding 

frequencies (Ellis et al., 2002; Rasmussen et al., 2007; Klíma et al., 2018). 

High stocking densities also had a significant influence on fin injuries and are regularly reported to 

coincide with higher fin injuries (Bosakowski and Wagner, 1994b; Winfree et al., 1998; Ellis et al., 

2002; North et al., 2006; Ellis et al., 2008; Person-Le Ruyet et al., 2008). Fin injuries at higher densities 

are potentially induced by abrasion, aggression, reduced water quality, infection, and stress 

(Bosakowski and Wagner, 1994b; Ellis et al., 2002 and 2008, Person-Le Ruyet et al., 2008; Roque 

d͛OƌďĐastel et al., ϮϬϬϵ, LauƌseŶ et al., ϮϬϭϯa,ďͿ. IŶ ĐoŶtƌast to the otheƌ faƌŵs, the fish fƌoŵ Faƌŵ ϰ 
that had a very high stocking density had comparably lower scale cortisol levels in relation to their 

higher total of fin injury, which could have been due to the fish being kept at a lower average density 

for the 3 weeks prior to sampling. Hence, 3 weeks at a very high density potentially lead to a higher 

prevalence and severity of fin injuries but not yet to higher levels of scale cortisol.  

In addition to their effect on water quality, water supply and stocking density can determine 

aggression and group structure in terms of swarm formation or territorial behavior (Ellis et al., 2002; 

North et al., 2006; Ellis et al., 2008). Water velocity is known to have a positive effect, as shown for 

instance in the behavior of salmonids in terms of aggression (Davison, 1997), health (Davison, 1997; 

Castro et al., 2011; Palstra and Planas, 2011), the ability to cope with stress (Woodward and Smith, 

1985; Ghanizadeh-Kazerouni et al., 2017), and reducing levels of circulating plasma cortisol 

(Woodward and Smith, 1985; Boesgaard et al., 1993). Woodward and Smith (1985) observed that 

fish in lower water velocity and with less exercise showed higher plasma cortisol levels and 

responded more severely to stress than trained fish. In salmonids, Jobling et al. (1993) observed that 

low exercised fish in standing water showed a higher prevalence of fin injuries when compared to 
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exercised fish. In salmonids, aggressive attacks that were shown to mainly aim for the dorsal and/or 

caudal fins (Abbott and Dill, 1985; Bosakowski and Wagner, 1994a; Moutou et al., 1998; Maclean et 

al., 2000) could be reduced by increased swimming activity due to an increased flow velocity (Jobling 

et al., 1993; Davison, 1997). From a welfare perspective, studies on salmonids indicate that a velocity 

is considered ideal when balanced between territorial behavior and individual interactions at too low 

velocities, and collisions with tank walls or other individuals at too high velocities (Solstorm et al., 

2016). Although velocity was not specifically measured in this study, a comparably higher velocity is 

indicated by a high water supply and a shorter duration of a total water exchange in the tank. The 

total fin injury was significantly and majorly influenced by the environmental/management 

component concerning water supply, -supply per kg fish, and -exchange. Fish from Farms 3, 6, and 7 

were provided with a higher water velocity and showed a combination of a comparably lower total of 

fin injury and lower scale cortisol. While Farm 4 also provided its fish with a high velocity, the high 

stocking density could have led to higher levels of fin injuries by abrasion. Dorsal and caudal fin 

injuries, potentially caused by the aggressive interactions described (Abbott and Dill, 1985; Moutou 

et al., 1998; Maclean et al., 2000), correlated with water supply and -exchange and were more 

common at lower velocities. 

This studǇ deŵoŶstƌated that faƌŵs͛ eŶǀiƌoŶŵental and management conditions directly and/or 

indirectly influence the level of scale cortisol and the prevalence and severity of fin injuries of 

rainbow trout. To be able to reduce stress and external morphological damage, especially in systems 

with a lower water supply/-exchange, and to determine best rearing practices, it is important to 

define the exact causes and to unravel the interaction between stress and external morphological 

damage. For future studies, it is thus recommended to evaluate the scale cortisol and fin 

injuries/external morphological damage of a larger sample size of fish at different time points and 

different tanks per farm and to evaluate the long-term data on environmental and management 

parameters.  

5. Conclusion 

Global intensification in aquaculture and the increased awareness concerning fish sentience have 

raised the urgent need to accurately quantify fish welfare. Scale cortisol findings showed fin injuries 

to be an important welfare issue and on-farm welfare indicator. The observed direct and indirect 

influences of environmental and management conditions and the positive correlation observed 

between scale cortisol, as a biomarker for chronic stress, and fin injuries, as an indicator of impaired 

welfare highlight the overall impact on fish welfare and hence the necessity of minimizing chronic 

stress and fin injuries in aquaculture settings. As such, both the use of fin injuries and scale cortisol 

can be considered a highly valuable tool in welfare assessments. 
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Chapter I Supplementary Material  

Table I-S1 Water quality parameters for each of the studied farms. 

Farm 
Water 

sampling 

Oxygen  

 [%] 

Oxygen 

[mg/L] 

Temperature  

[°C] 
pH 

Ammonium 

[mg/L] 

Ammonia 

calculated 

[mg/L] 

Nitrite 

[mg/L] 

Nitrate 

[mg/L] 

Turbidity 

[NTU] 

1 Inlet 89.00 9.00 15.40 6.63 0.51 0.001 0.12 25.80 4.66 

 
Outlet 72.00 7.30 15.20 6.97 0.31 0.001 0.18 26.00 11.63 

2 Inlet 72.00 7.30 12.60 6.68 0.43 0.000 0.04 0.75 7.65 

 
Outlet 68.00 7.40 12.40 6.81 0.04 0.000 0.04 0.51 7.72 

3 Inlet 83.00 8.00 15.40 6.36 0.21 0.000 0.02 2.57 13.79 

 
Outlet 70.00 6.90 14.90 6.57 0.04 0.000 0.01 2.57 8.10 

4 Inlet 117.00 11.80 13.80 5.69 0.26 0.000 0.01 1.02 21.10 

 
Outlet 93.00 9.70 12.30 5.92 0.35 0.000 0.01 1.02 19.51 

5 Inlet 100.00 9.40 13.50 7.24 0.75 0.003 0.04 6.75 2.07 

 
Outlet 88.00 8.80 16.30 7.09 1.23 0.004 0.06 6.73 2.24 

6 Inlet 96.00 9.40 13.50 6.40 0.02 0.000 0.00 1.29 1.91 

 
Outlet 95.00 9.50 12.80 6.69 0.02 0.000 0.00 1.25 1.92 

7 Inlet 109.00 10.80 13.70 7.60 0.52 0.005 0.05 5.30 4.07 

 
Outlet 105.00 10.50 12.80 7.65 0.42 0.004 0.06 5.42 4.99 

8 Inlet 81.00 7.40 19.70 7.15 0.04 0.000 0.11 4.67 23.22 

 
Outlet 86.00 7.80 19.80 7.19 0.48 0.003 0.08 4.16 23.39 
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Table I-S2 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ƌs) and significance level of correlations between scale cortisol, fin injuries, environmental, and 
management parameters across all farms (n = 80). 

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 

    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

1 Scale cortisol [µg/kg] 

   
      

           
 

2 Fin injury [total] 489** 
  

      
           

 
3 Number of injured fins per fish .350** .855** 

 
      

           
 

4 Pectoral fin left .324** .814** .496**                   
5 Pectoral fin right .413** .810** .493** .714**                  
6 Dorsal fin .152 .591** .530** .300** .281*                 
7 Caudal fin .372** .785** .636** .460** .620** .486**                
8 Anal fin .241* .515** .690** .172 .160 .465** .371**               
9 Pelvic fins .151 .581** .758** .278* .221* .280* .330** .469**              

10 Water supply [L/s] -.356** -.455** -.301** -.383** -.378** -.404** -.555** -.230* -.078 
           

 
11 Water supply per kg fish [L/h] -.271* -.639** -.554** -.552** -.572** -.455** -.761** -.283* -.293** .687** 

          
 

12 Duration of a total water exchange [h] .444** .565** .408** .406** .459** .346** .644** .238* .038 -.847** -.647** 
         

 
13 Average stocking density [kg/m³] .157 .438** .389** .518** .607** .252* .510** .180 .223* -.173 -.635** .187 

        
 

14 Feeding frequency [times/day] .081 .227* .178 .274* .340** -.027 .368** -.148 .107 -.140 -.586** .319** .368** 
       

 
15 Oxygen [%] -.034 -.141 -.105 .116 .165 -.266* -.165 -.133 -.038 .502** .167 -.575** .515** -.024 

      
 

16 Temperature [°C] .414** .149 .001 .176 .276* -.175 .195 -.139 -.191 -.319** -.060 .614** -.072 .356** -.156 
     

 
17 pH .310** .033 -.090 .299** .318** -.087 .098 -.144 -.316** -.475** -.143 .299** .120 .122 .238* .563** 

    
 

18 Ammonium [mg/L] .392** .542** .456** .651** .695** .178 .502** .157 .206 -.346** -.467** .452** .494** .393** .252* .506** .623** 
   

 
19 Ammonia [mg/L] .393** .430** .321** .601** .627** .136 .470** -.070 .063 -.516** -.554** .448** .461** .420** .265* .479** .819** .909** 

  
 

20 Nitrite [mg/L] .423** .368** .191 .427** .490** .188 .497** -.029 -.192 -.829** -.571** .850** .275* .415** -.262* .719** .714** .611** .723** 
 

 
21 Nitrate [mg/L] .296** .131 -.004 .302** .419** -.114 .309** -.225* -.200 -.349** -.429** .479** .419** .732** .167 .731** .619** .539** .651** .762**  
22 Turbidity [NTU] .132 .394** .334** .280* .330** .402** .349** .294** .036 -.379** -.214 .551** .299** -.122 -.357** .144 -.095 .252* .012 .357** -.024 
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Abstract 

The species-appropriate treatment of fish is of great importance and requires the accurate 

assessment of fish welfare. This study aimed to get a deeper insight into the welfare of rainbow trout 

(Oncorhynchus mykiss) during grow-out on six farms equipped with flow through systems, each 

providing different environmental (water supply, duration of a total water exchange in the tank, 

water quality) and management conditions (stocking density, feeding frequency). The mRNA levels of 

91 genes involved in stress and immune responses were analyzed using multiplex quantitative PCR 

and complemented with organ histopathology, blood glucose and lactate levels, organ somatic 

indices, external morphological damage, behavior, and environmental and management conditions. 

The farms analysed revealed large differences in environmental and management parameters. 

Accordingly the expression profiles of distinct sets of genes and other welfare indicators differed 

significantly between farms. Generally, fish from farms with a high water supply and fast water 

exchange at lower stocking densities had lower levels of external morphological damage. Stocking 

density and the duration of a total water exchange in the tank revealed a significant impact on gene 

expression. Furthermore, effects of water quality on immunological responses were observed. The 

gene expression profiles obtained provided a deeper insight into the stress and immune response 

influenced by different rearing conditions, and hence a more accurate assessment of trout welfare in 

aquaculture settings.  

Keywords: Aquaculture, Welfare assessment, Gene expression, Stress, Immune response, Rainbow 

trout 
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1. Introduction 

The species-appropriate treatment of fish as sentient beings (Sneddon et al., 2015) is of great 

importance and requires methods to accurately determine the welfare of fish and the actual 

stressors in aquaculture settings.  

Aquaculture holds many potential stressors that can negatively affect the welfare of fish, including 

the suboptimal supply, velocity, and quality of water (Jobling et al., 1993; Davison, 1997; MacIntyre 

et al., 2008; Person-Le Ruyet et al., 2008; Weirup et al., 2021, 2022/Chapter I, III), suboptimal 

stocking densities (Ellis et al., 2002; Turnbull et al., 2005; North et al., 2006; Weirup et al., 2021, 

2022/Chapter I, III), or diseases (Noble and Summerfelt, 1996; Jeney, 2017). Climate change can 

further accentuate the suboptimal welfare conditions of fish by decreasing water availability and 

increasing water temperature (Tewabe, 2015; Maulu et al., 2021).  

Suboptimal rearing conditions can be assessed, among others, by observing the behavior and the 

external appearance of fish (Martins et al., 2012; Noble et al., 2012; Stien et al., 2013; Sopinka et al., 

2016; Noble et al., 2020; Weirup et al., 2021, 2022/Chapter I, III), and by analyzing their molecular 

stress and immune response levels (Iwama et al., 1997; Sopinka et al., 2016; Rebl et al., 2017, 2020).  

Welfare is highly complex (Noble et al., 2020) and closely linked to stress and health. The 

maintenance of welfare depends on the intensity and duration of a stressor. High-intensity stressors 

(e.g., air exposure) or stress occurring over an elevated time period (e.g., high densities) can be 

detrimental for welfare in terms of health, reproduction, growth, and mortality (Iwama et al., 1997; 

Barton, 2002; Schreck and Tort, 2016). Stress induces a series of physiological alterations including 

osmoregulation and immunity (Tort et al., 2003, 2011; Uribe et al., 2011). When a given stressor 

elicits a more or less specific phenotypic response, the transcript levels of certain genes were shown 

to be modulated in response to a (group of) stressor(s). Distinct transcriptional signatures have been 

identified for challenging conditions induced by pathogens (e.g., cytokine-encoding genes), diets 

(e.g., superoxide dismutase-encoding genes), density (e.g., glycogen phosphorylase-encoding gene), 

or heat stress (mainly heat shock genes; Rebl et al., 2017; Swirplies et al., 2019; Sakai et al., 2021; 

Seibel et al., 2021).  

In previous studies, we evaluated the welfare of rainbow trout (Oncorhynchus mykiss) in flow 

through systems (Weirup et al., 2021, 2022/Chapter I, III). The present study profiled a panel of 91 

stress- and immunological genes (e.g., cytokines, heat shock proteins, acute phase proteins, immune 

cell markers) and analyzed organ histopathology, blood glucose and lactate levels, organ somatic 

indices, external morphological damage, behavior, and environmental (water supply, duration of a 

total water exchange in the tank, water quality) and management (stocking density, feeding 

frequency) conditions. The gene expression profiles analyzed in the present study provide a deeper 

insight into the stress and immune response influenced by different rearing conditions, and hence a 

more accurate evaluation of trout welfare in aquaculture settings. 
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2. Materials and methods  

2.1. Experimental design  

Six flow through systems in different geographic locations in Germany were selected due to their 

characteristic differences in rearing conditions for female rainbow trout (Oncorhynchus mykiss) 

during grow-out. The assessment of on-farm welfare indicators and tissue sampling of fish from one 

tank per farm took place from May to June 2019. Specific data on environmental and management 

conditions were provided by farmers, and behavior and water quality were assessed. The fish were 

randomly caught and sampled withiŶ the faƌŵs͛ slaughteƌiŶg pƌoĐess. Sampled fish were stunned by 

percussion, immediately sampled for blood, and then killed by cutting the spinal cord in accordance 

with national ethical guidelines and regulations (Section 8a (1) No. 3b German Animal Welfare Act; § 

12 Ordinance on the Protection of Animals in Connection with Slaughter or Killing; Implementation of 

Council Regulation (EC) No 1099/2009, Animal Protection Slaughter Ordinance). Subsequently, the 

organs were removed and weighed to calculate the organ somatic indices and sampled for histology, 

and external morphological damage was assessed.  

2.2 Sampling and analyses 

Water quality 

The water quality was sampled once at the inlet and outlet of the tank of sampled fish during the 

morning hours. An OxyGuard Handy Polaris (OxyGuard International A/S, Denmark) was used to 

determine oxygen, pH, and temperature. Ammonium, nitrite, and nitrate (Permachem Reagents, 

Hach Lange GmbH, Düsseldorf) were measured using a spectrophotometer (Hach DR2800, Hach 

Lange GmbH, Düsseldorf) and ammonia was calculated based on ammonium, pH, and temperature 

according to Emerson et al. (1975). A turbidity meter (Extech TB400, Extech Instruments, Boston, 

USA) was used to analyze the turbidity. The total bacterial load was assessed using BactiQuant®-

water (BactiQuant A/S, Horsholm, Denmark). 

Behavior  

The behavior of the fish stock in the tank was assessed by three independent observers. The “activity 

leǀel͟ of the fish stoĐk iŶ the taŶk ǁas estiŵated ƌaŶgiŶg fƌoŵ Ϭ ;Ŷo aĐtiǀitǇͿ to 5 (very high activity). 

The fƌeƋueŶĐǇ of ͞heĐtiĐ ŵoǀeŵeŶts͟, suĐh as a shoƌt, suddeŶ, aŶd fast sǁiŵŵiŶg ďehaǀioƌ, ǁith 
sudden changes in direction was counted (scored as absolute numbers) for individual fish. The 

detailed behavioral protocol can be viewed in Weirup et al. (2022/Chapter III). 

External morphological damage 

Eye damage (cataract, exophthalmia), skin injuries (hemorrhages, skin- and snout wounds), fin 

injuries (pectorals, dorsal, caudal, anal, pelvics), and operculum shortage were recorded for 10 fish 

per farm. The severity of operculum shortage, eye-, and skin injuries was scored using severity grades 

(SG) ranging from SG 0 (no evidence of the indicator) to SG 3 (strong evidence of the indicator) 

according to and partly revised after photographic images by Noble et al. (2018) and Bass and Wall 

(Undated; presented in Noble et al., 2018). Fin injuries were graded with severity grades ranging 

from SG 0 (SG 0 = no damage) to SG 5 (almost no fin remaining) according to photographic images by 

Hoyle et al. (2007).  
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Organ somatic indices 

Organ somatic indices were assessed for 10 fish per farm. The hepato- and splenosomatic index (HSI 

and SSI) were calculated according to the following formula: HSI = (Liver weight/Total weight)*100; 

SSI = (Spleen weight/Total weight)*100.  

Histology 

Organ samples from liver, spleen, kidney, head kidney, heart, and gills from 10 fish per farm were 

fixed in a 4 % buffered formalin solution. According to the methods of histopathological surgery, 

samples were dehydrated, embedded iŶ paƌaffiŶ, Đut iŶ ϰ μŵ siĐk sliĐes, aŶd staiŶed ǁith 
hematoxylin and eosin by Bleyer and Gruber-Dujardin, Göttingen, Germany. A random 

histopathological examination of samples with a light microscope (Primo Star, Carl Zeiss Microscopy 

GmBH, Göttingen, Germany) was performed. In relation to the other parameters, each organ was 

ranked from SG 0 (no histopathological changes) to SG 3 (increased histopathological changes) 

considering a wide variety of aspects of cell and tissue structures and changes. Gills were ranked 

from SG 0 (no histopathological changes) to SG 4 (more severly increased histopathological changes).  

Glucose and lactate 

Whole blood sampled from the caudal vein of 10 fish per farm was analyzed directly after sampling 

with a quick test for Glucose (CONTOUR® XT with CONTOUR NEXT/XT Blood Glucose Test Strips, 

Bayer) and Lactate (Accutrend® Plus with Accutrend® Lactate Test Strips, Roche) as applied for fish in 

Wells and Pankhurst (1999) and Beecham et al. (2006).  

Gene expression analysis and selection of genes 

Ethylenediaminetetraacetic acid (EDTA) blood sampled from the caudal vein of 10 fish per farm was 

preserved in RNAlater, transported on dry ice, and stored at 80 °C until analysis. RNA isolation was 

performed modified according to Qiagen manufacturing protocol (2014) that combined the QIAGEN 

‘NeasǇ Plus MiŶikit ;QIAGEN, GeƌŵaŶǇͿ aŶd the ‘iďoPuƌe™-Blood Kit (Thermo Fisher Scientific Inc., 

USA). Two additional DNase steps were added. The isolated RNA concentration was determined 

using a photometer (Tecan Nanoquant Infinite M200 Photometer, Tecan Group AG, Switzerland) and 

adjusted to ϭϬ Ŷg/μl. 

In total, three reference genes (EEF1A1, RPS20, RPS5) and 91 target genes (Table II-1) were chosen 

from studies concerning stocking density, temperature challenges, stress and immune competence, 

and wound healing (Schmidt, 2013; Ingerslev et al., 2010; Schmidt et al., 2016; Rebl et al., 2017; 

Sveen et al., 2018, 2019; Swirplies et al., 2019; Krasnov et al., 2020; Seibel et al., 2021) and analyzed 

using two 48.48 Dynamic Array integrated fluidic circuit (IFC) chips (Fluidigm). First, 1 µl of total RNA 

was reverse-transcribed (42°C, 30 min) using the Reverse Transcription Master Mix (Fluidigm). Then, 

the resulting cDNA aliquots were adjusted to a concentration of 1 ng/µl, mixed with primers (100 

µM) and the PreAmp master mix (Fluidigm) and individually pre-amplified in 13 cycles (95°C, 15 s; 

60°C, 4 min) in a TAdvanced thermocycler (Biometra). Exonuclease I (New England BioLabs) was 

added after the pre-amplification step to degrade single-stranded oligonucleotide primers followed 

by the addition of 43 µl TE buffer (93283-100ml; Sigma-Aldrich/Merck) per sample. Each 50 µl cDNA 

sample was diluted in SsoFast EvaGreen Supermix with Low ROX (Bio-Rad) and 20 × DNA Binding Dye 



CHAPTER II 

 

 
42 

 

Sample Loading Reagent (Fluidigm) to produce the sample mixes. After priming, the 48.48-IFC chips 

in the MX Controller (Fluidigm), the primers, and the sample mixes, respectively, were transferred to 

the assay and sample inlets on the primed 48.48-IFC chip. Finally, multiplex quantitative PCR (qPCR) 

was conducted in the BioMark HD instrument (Fluidigm).  

For the statistical analyses, functional gene groups (Table II-1) were further differentiated according 

to gene expression profiles (Table II-4). Genes written with an underscore (e.g., TNF_1 and TNF_2) 

indicate paralogous or ohnologous genes. 
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Functional category Gene “eŶse ;ϱ′-ϯ′Ϳ AŶtiseŶse ;ϯ′-ϱ′Ϳ 
Cortisol-dependent stress response 

CRH Corticotropin-releasing hormone TCCTGAGATGAAGGTGAATGTCTT  CTGTTGCAGCTCTGCCTGTAGAT  

NR3C1 Nuclear receptor subfamily 3 group C member 1 GGAGAAGGCCCTTAGAATGC CATTGTATTGTCGCCAAGGA 

NR3C2 Nuclear receptor subfamily 3 group C member 2 AGATGATCCGCGTGGTCAA GATCAGGGTGATTTGGTCCTCTAT 

General stress response 

GPX Glutathione peroxidase CGAGCTCCATGAACGGTACG TGCTTCCCGTTCACATCCAC  

UCP2 Uncoupling protein 2 TTCGACCAGAGAGACGCCTTTA CCCCCAAAAAAAGTGTCCATTAC 

Hypoxia/heat stress response  

HMOX1 Heme oxygenase 1 GAATGCTGCAGGAGGCTGTCA TTCTCTCCATCAGCCAGTTTGG 

Heat stress response 

SERPINH1_1  Serpin family H member 1 (Heat shock protein 47 variant 1) ATGCATCGCACCGGTCTCTATA ATCTTGCCCATCCAGGTTTCCA 

SERPINH1_2 Serpin family H member 1 (Heat shock protein 47 variant 2) ACCGCACAGGTCTCTATGGTTT TTCAGCTTGCCCATCCAGTCAT 

HSP30 Heat shock protein 30 AAGGGGTGAATCCTGAGACAGT TGACAGGAATTGTGGGGTTTTCA 

HSP90AA1_1 Heat shock protein 90 alpha family class A member 1 variant 1 ATGATCAAGCTGGGCCTGGGA GGAAAACGTGAGGCTATATAAGG 

HSP90AA1_2 Heat shock protein 90 alpha family class A member 1 variant 2 GCTGGGTCTGGGAATCGATGA ATACAGGTGTGTAGGTTTGAGAC 

Complement system (early defense) 

CFD Complement factor D TAATGGCACCCTACCAGACAAG ATCACCCGAGCAGAAGCCTTG 

C3_3 Complement C3 variant 3 CGACCAGGGAAAGATGTTTGGA AGTACAGCGCTAATTTTGGCTAC 

C5 Complement 5 GGCAAGGACTTTTTCTGCTGCT  TTGGAGAAGCTGTAGGCTGTAAT 

Coagulation (early defense) 

FGL2 Fibrinogen-like protein 2 CAGCAACAAAATGGAGTCAGATAT CTTGGGGCCTTTAGTTTCCATG 

FN1 Fibronectin 1 GAGAAGTGGGATCGCCACGC CAGATAGCTCCCAGGTATTCCT 

Pathogen detection (early defense) 

TLR3 Toll-like receptor 3 AGTCCTCCACCTGTCGAATCTA  GATCGCTGTCCCAGAAAGCTC 

TLR5 Toll-like receptor 5 CAACTTCTTCGTTTGGCTGATAAT ACCAGAGAAACTCAATGTGCATTA 

TLR9 Toll-like receptor 9 TGGTATTGCTTCCAGGTGCTGT CTCCAGGTGGACCAGCAGCT 

TLR20 Toll-like receptor 20 CCACAGACGGTCCCAGAAGG ACCCTCCGTCTGCTGGTGGA 

TLR22 Toll-like receptor 22 TGGACAATGACGCTCTTTTACC GAGCTGATGGTTGCAATGAGG 

Table II-1 The assessed genes and primers used in this study, differentiated into functional categories. 
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Functional category Gene “eŶse ;ϱ′-ϯ′Ϳ AŶtiseŶse ;ϯ′-ϱ′Ϳ 
Early immune response (regulator) 

IKBA_1 NF-κB iŶhiďitoƌ alpha ǀaƌiaŶt ϭ AACCCTGGAGGAAAACAGTGAC  CGCCGTCTGTCTCTGATTGTTC  

IKBA_2 NF-κB iŶhiďitoƌ alpha ǀaƌiaŶt Ϯ TGAAGTTGTCGCCAGTGAGCTC  GGCTCATTGCAGGACAGCTCT  

IKBA_3 NF-κB iŶhiďitoƌ alpha ǀaƌiaŶt ϯ AGAGTGGCCAATGTCGAAGTCT  TTGTGCGTCCAGTAACATATTATC  

TNIP2 TNFAIP3 interacting protein 2 GCAAGAGGAAGTATCTCAACTAC GCAGGTGGATCAACGCTGTTC 

USP4 Ubiquitin specific peptidase 4 GACGAGTGGTTTCTGATTGATAG TTGTCAACAGGGCCGGGATAG 

Early immune response (transcription) 

NF-κB_ϭ Nuclear factor kappa B variant 1 TCTTAGGACGTGTCCAGGATCT  GGCCCTGATGTGTGATTAACCA  

NF-κB_Ϯ Nuclear factor kappa B variant 2 GGAGAGGGGCCGGAGGATTT  CCCCCATCCACCCCGTTCC  

RELA_1 RELA proto-oncogene, NF-κB ǀaƌiaŶt ϭ CGGTGAGTGCAGCCCCTACA  TGGCCCAGCATAGCCTGGAAT  

RELA_2 RELA proto-oncogene, NF-κB ǀaƌiaŶt Ϯ TTCACCTTCTCCACCTTCGCTA  ATGTTATCTAGTGTCCCTGACTG  

MAP3K1 MAP3-kinase TCCTGGGAACCATTGCCTTCAT ATCTTGAATATGAGAGCGAGGTG 

STAT1 Signal transducer and activator of transcription 1 CCTGGCTGCTGCCAAAAGCA TCTGATCCGCTTCCTGAACCTTGTT 

IRF1 Interferon regulatory factor 1 GGGCCATGCACACAGGGAAAT  GCTTTTGTCTTTCACTTCCTCTAT  

CEBPB CCAAT enhancer binding protein beta GAATGGACAACGGTTCAACTG GAAGGCGACGTGCATTTACC 

Early immune response (effector) 

NOS2 Nitric oxide synthase 2 ACCTACCAGCTATCAGTTAGCAA TGCGGTTAGCTAGTTGCGAAGA 

Antiviral response 

MX1 MX dynamin-like GTPase 1 AGGAGGGAATAGACTACTTTTGAA CCGCACCTTCTCTTCGTAATGT 

PSMB7 Proteasome 20S subunit beta 7 GATGTGACTGCTAGGTGACACT AATATTTCACCCAGTGCCTATAGA 

MHC1 Major histocompatibility complex 1 alpha TACAGCATCTGCTGTGACTCACT CTCTCTGGCTGTTGCTGTCATA 

Cytokine 

IL1B Interleukin 1 beta GAGAGTGCTGTGGAAGAACATAT GCAGCTCCATAGCCTCATTCAT 

IL4/13 Interleukin 4/13 CTGTCAGAGGAACTTCTGGAAAC TCACCAAACGCGTCATTTTTCAC  

IL6 Interleukin 6 GTGTTAGTTAAGGGGAATCCAGT ACAAACTGTTGGTTCCGCAAGG 

IL10 Interleukin 10 TGCCCAGTGCAGACGTGTACC  CGGGGCTCTTCAAGTGGTGTA  

IL17 Interleukin 17 CGAAGTACCTGGTTGTGTGCTG AGGGATGATCAGTGTTTCGTTAC 

TNF_1 Tumor necrosis factor alpha variant 1 AACGATGCAGGATGAAATTGAGC GGCCGTCATCCTTTCTCCACT 

TNF_2 Tumor necrosis factor alpha variant 2 AGCATGGAAGACTGGCAACGAT CTGCACTGTGTCAGCGGTAAG 

TGFB_1 Transforming growth factor beta variant 1 ATCAGGGATGAACAAGCTGAGG TTCGCACACAGCAACTCTCCG 
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Functional category Gene “eŶse ;ϱ′-ϯ′Ϳ AŶtiseŶse ;ϯ′-ϱ′Ϳ 
TGFB_2 Transforming growth factor beta variant 2 CATTCCAAGGTGCTAGGTCTGT  TCTTGGGGGTCTTGCCGATGT  

IFNG_1 Interferon gamma variant 1 AGGAAATGATCGAGAGTCTGAAAT TAGATGGTAATGAACTCGGACAG 

IFNG_2  Interferon gamma variant 2 AGTGAGGGAGAGGCTGGACC TGGTAATGAACTCGGACAGAGC 

CCL4 C-C motif chemokine ligand 4 ATGGGTGAAGGACTACATCAACT ACTGGCCATGTCCTTGTGAAATA 

CC-chemokine CC-chemokine (trout-specific) TCCATGTTCCAGTCCAGGACC TTTGGATGCGGTATCCTTGCAG 

Cytokine (regulator) 

SOCS1 Suppressor of cytokine signaling 1 ACGGATTCTGCGTCGGAAAATAT  ACACAGTTCCCTGGCATCCGT  

Acute phase 

HP Haptoglobin GCACCCAGGCTTCCAGAACG CAAGCCCCAGCCTGTGATGAT 

FTH Ferritin heavy chain AACCGGATGATCAACTTGGAGAT GAGTAAAATGCGTCCACCTCTC 

SAA Serum amyloid A GACATGTGGCGTGCATATGGC CCATTACTGATGACTGTTGCTG 

Immune cell marker (T-cells) 

TCRG T cell receptor gamma GAGAAGTGGAGTGGGACCAGA GTGTCCCCCGTCACTCACCT 

TCRB T cell receptor beta GTCTTCTGGCAAGTCAACAATGT GTAAAAGCTGACAATGCAGGTGA 

Immune cell marker (cytotoxic T-cells) 

PRF Perforin 1 CTGCGGGTATTACAGCTATCGA AGGCTCACCTTGGTAATGTAATG 

Immune cell marker (B-cells) 

IgMmemb Immunoglobulin M (membrane-bound) AAGCCTACAAGAGGGAGACCGA GGCAGTTGCTCCAACGCCATA 

IgMsecr Immunoglobulin M (secreted) TACAAGAGGGAGACCGGAGGA GAATCTGGCTAGTGGTGTTGAAT 

IgDsecr Immunoglobulin D (secreted) ACTTCTGCCTCATCAACTGCTC CCCGCCTTCGTCATTCCATTTG 

IgTsecr Immunoglobulin T (secreted) CATCAGCTTCACCAAAGGAAGTG CAGAGAGACGGGCTGACCAC 

Immune cell marker (non-specific cytotoxic cells) 

NCCRP1 Non-specific cytotoxic cell receptor protein 1 TACGAAGCGAAGCCGTTCGGT GGTGGTCCAGCCAGTATAGTC 

Immune cell marker (thrombocytes) 

ITGA2B CD41 molecule TATTATACAGTACGGGGTTGAGC GCGTTCTGTCGAGCAAATTCAAT 

Immune cell marker (granulocytes) 

MPO Myeloperoxidase GTGAAGGACCAGATCATTGTATTA TCTCACCTAAAAGAGGCAATACTA 

Immune cell marker (mast cells/basophilic granulocytes) 

ENPP3 Ectonucleotide pyrophosphatase/phosphodiesterase 3 CAGGCAACTCATCAAGGCTAATT ACCCATAACGGCATGAGAATATC 
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Underscore indicates a paralogous or ohnologous gene variant.

Functional category Gene “eŶse ;ϱ′-ϯ′Ϳ AŶtiseŶse ;ϯ′-ϱ′Ϳ 
Antimicrobial peptide/protein 

LYG_1 Lysozyme G variant 1 GCAGGTTGACAAGCGCTACCA TTGTAGGCTGAAATTCCCCCTTT 

LYG_2 Lysozyme G variant 2 CAGGTTGATGTGGACCCAAATG AGGCAGCTATTCCCCCTTTAAG 

HAMP Hepcidin antimicrobial peptide AGTGTTGCAGTTGCAGTGGTACTC  AAATGCTCCGGCAGACGC  

CAMP Cathelicidin antimicrobial peptide ACCAGCTGGAAGTCGAGACTTT CTTCAGAGGGCATGGTTGGCC 

Wound healing 

ADIPO Adiponectin AGCCACCGTGGAGGAATTGA GGCGCCTTAAAGATGCCAGT 

COL1A1 Collagen type I alpha 1 TACGTTGGACGGTCAATTCTACA AGATGGGGCAGCATTCGTCGT 

MMP2 Matrix metallopeptidase 2 CTTATTCTTCAAATAGGGCTAGCA ATGACTCCATCATGCAACAAACC 

MMP13 Matrix metallopeptidase 13 ATGAACAGTTCCCAGGCATGAC GTTTCATCATGGTCGATGGTCTA 

P4HA1 Prolyl 4-hydroxylase subunit alpha 1 ATTCTGTGTTCAGCCTCTTCATC AATTTATATCACGGCAGAGGAGAA 

ALOX5AP Arachidonate 5-lipoxygenase activating protein GTGTCCTGCGCCAATCGTAAC TCTGACCCATGTACCCGACAAA 

FGF2 Fibroblast growth factor 2 GGGGGAAGTAGTAATCAAAGGG TGCCACATACATTTCAGGGTACT 

TNC Tenascin C CACTGGTGGCTTTGGGGACAT GGGTTCTGCGATCGTGAATTTG 

Response to stocking density 

CC058 CC058 protein CACCAGGCTAGAGGAGGATATGTT CCCCTGCTCCAGGTCAATG 

PYGM Glycogen phosphorylase, muscle AGATCCCTGCCCCCGATGAG AACGTGCGCCCAGTGGGAAG 

TRIM39 Tripartite motif-containing protein 39 GCACATCATGGAGCTGATGGC  CCTCTGAGGGGTTGAGGACAT  

FDPS Farnesyl diphosphate synthase ACGCAGTTTTCCTCAACTTCGC TAGGAGCAGGGGACCGAAATG 

G6PC Glucose-6-phosphatase, catalytic subunit AACCTGGTCTTCAAGTGGATTCT TGTAGTAGACGCCTGCAGCTC 

EIF4E Eukaryotic translation initiation factor 4E GGGGAGGCTTTCGATGACTATA  GGATTCCCAAGCGCTCCTTATA  

PGM3 Phosphoglucomutase 3 ATAGACAGCCGGGTGAAGAAGT CGGTTTAGGCTCCTCTCCTAC 

KLF11 Krüppel-like factor 11 ACCTCCGAACACACACAGGTAA TTTGGTCAGGTGGTCGCTACG 

ARNT Aryl hydrocarbon receptor nuclear translocator TGCAGCGCGTTGGCACGGAA  TTCAGCTCCTGGTCGGTGAGG  

SOSTDC1 Sclerostin domain containing 1 TGATGCTACGGAGATCCTATACT TGGTGGACCTCAGCTCTCTAC 

CYP24A1 Cytochrome P450 family 24 subfamily A member 1 AAGACAACATGATGCATTGATTGAT  TATGCCTCGTCTCTGAAGTCTC  

GDF11 Growth differentiation factor 11 CGACATCAACGCCTTCGA TACGTCGGGAACGTTTGGT 

LECT2 Leukocyte cell derived chemotaxin 2 GCAGAGGAGGCCGTACGCAT AGCACAGACCCTCTCCACTGA 
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2.3 Statistical analyses 

The qPCR data were analyzed using the Fluidigm RealTime PCR Analysis Software v. 4.5.2 and 

normalized with a factor based on the geometric mean expression values of the three reference 

genes EEF1A1, RPS20 and RPS5. The genes were divided into 33 groups according to their function 

and gene expression. The results of the gene expression values for individuals from Farm 4 were 

chosen as reference levels, as fish from Farm 4 showed the lowest values regarding external damage 

and histology scores and had a high water supply, supply per kg fish, and fast total water exchange, 

which was considered to greatly contribute to lowering stress levels and to provide good welfare in 

Weirup et al. (2021, 2022/Chapter I, III). The normalized mean expression values from Farm 4 were 

calculated per target gene based on individual copy numbers, and the fold changes for all individual 

fish from Farms 1, 2, 3, 5, and 6 were determined relative to individuals from Farm 4. 

For statistical analysis, IBM® SPSS® Statistics v. 20 was used. The Shapiro Wilk Test and Levene Test 

were applied to test the normality of distribution and homogeneity of variances before analyzing 

differences between farms. To analyze differences between farms for ordinal and/or non-normally 

distributed data (glucose, lactate, organ somatic indices, histology, external damage, and genes/gene 

groups) Kruskal Wallis for independent samples, followed by either Bonferroni (glucose, lactate, 

genes/gene groups) or the Median Test (histology, external damage) to test for multiple comparisons 

among means/medians was applied. When normal distribution and homogeneity of variances were 

met (LECT2, USP4), differences between farms were examined using Analysis of Variances (ANOVA), 

folloǁed ďǇ TukeǇ͛s H“D Test to test foƌ ŵultiple ĐoŵpaƌisoŶs aŵoŶg ŵeaŶs. To test foƌ ďiǀaƌiate 
correlations across all faƌŵs ;Ŷ = ϰϴͿ “peaƌŵaŶ͛s ƌho ǁas applied. To deteƌŵiŶe statistiĐal 
sigŶifiĐaŶĐe, p ≤ Ϭ.Ϭϱ ǁas applied iŶ all tests. 

3. Results 

3.1 Differences between farms 

The farms analyzed revealed large differences in environmental and management parameters (Table 

II-2). The water quality parameters were mainly within the recommended ranges of the VDFF (2016), 

except for the pH in the case of Farm 3 (below pH 6–8; VDFF, 2016) and the water temperature from 

Farm 6 (above 18 °C; VDFF, 2016).  
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Table II-2 Data on environmental and management conditions for the studied farms. 

*Stocking density at sampling and 3 weeks prior to sampling at 150 kg/m³. n.a. = data not available. 

The differences between the fish sampled from the studied farms concerning their behavior, glucose, 

lactate, organ somatic indices, histopathological findings, and external damage are shown in Table II-

3. The applied severity grades in histological findings were determined in relation to all samples 

analyzed, and are hence not comparable in severity to changes in acute clinical histopathology. 

Exemplary histopathological changes in different organs of the investigated trout are shown in Figure 

II-1.  

 
Farm 

1 2 3 4 5 6 

Tank volume [m³] 300 1000 115 210 30 500 
Tank material concrete concrete concrete soil/stone concrete soil 
Water supply [L/s] 3 55 50 100 40 7 
Water supply per kg fish [L/h] 154 39,600 1800 45,000 2400 2800 
Duration of a total water exchange [h] 28 1 5 1 0.2 20 
Average stocking density [kg/m³] 70 5 100* 8 60 9 
Feeding frequency [times/day] 12 6 3 1 4 1 
Temperature Outlet [°C] 15.20 14.90 12.30 12.80 12.80 19.80 
Oxygen Outlet [%] 72.00 70.00 93.00 95.00 105.00 86.00 
pH Outlet 6.97 6.57 5.92 6.69 7.65 7.19 
Ammonium Outlet [mg/L] 0.31 0.04 0.35 0.02 0.42 0.48 
Ammonia Outlet [mg/L] 0.001 0.000 0.000 0.000 0.004 0.003 
Nitrite Outlet [mg/L] 0.18 0.01 0.01 0.00 0.06 0.08 
Nitrate Outlet [mg/L] 26.00 2.57 1.02 1.25 5.42 4.16 
Turbidity Outlet [NTU] 11.63 8.10 19.51 1.92 4.99 23.39 
Total bacterial load Outlet [BQW]  n.a. 23,193 7495 3326 2672 2866 
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Table II-3 Mean and standard deviation of glucose, lactate, and organ somatic indices, median and 
median absolute deviation of behavior, histopathological findings, and external damage of trout 
sampled from six farms. 

*Fin injuries [total] include dorsal, caudal, anal, pelvic, and pectoral fins. n.a. = data not available. Significant differences 
between farms are represented by different letters. Sample size per farm: n = 8, except for Farm 3 (n = 9) and Farm 6 (n = 
7). 

 
Farm 

1 2 3 4 5 6 

Activity level of fish stock [0–5] 2 ± 0ac 2 ± 0ac 4 ± 0b 2 ± 0c 3 ± 0ab 2 ± 0ac 

Hectic movements [individuals counted] 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 5 ± 0b 0 ± 0a 

Glucose [mmol/l] 4.6 ± 1.8 5.0 ± 1.2 4.7 ± 1.0 4.3 ± 1.3 4.3 ± 1.0 5.0 ± 1.9 

Lactate [mmol/l] 1.6 ± 0.8ab 1.0 ± 0.0a 1.1 ± 0.3a 1.3 ± 0.5ab 1.0 ± 0.0a 3.2 ± 2.3b 

Hepatosomatic index 2.0 ± 0.3a n.a. 1.7 ± 0.2ac 0.9 ± 0.1b 1.2 ± 0.1bc 1.2 ± 0.3bc 

Splenosomatic index 0.3 ± 0.1ab n.a. 0.4 ± 0.1a 0.1 ± 0.0b 0.3 ± 0.1a 0.2 ± 0.1ab 

Gill histology 2 ± 1 3 ± 0 2 ± 0 2 ± 0 2 ± 1 4 ± 1 

Liver histology 2 ± 0 1 ± 0 2 ± 0 1 ± 0 1 ± 0 2 ± 0 

Spleen histology 1 ± 0a 1 ± 0a 1 ± 0a 1 ± 0a 1 ± 0a 3 ± 0b 

Kidney histology 2 ± 0ab 2 ± 1ab 2 ± 0ab 1 ± 0a 3 ± 1b 1 ± 0ab 

Head kidney histology 1 ± 0ab 1 ± 0a 1 ± 0a 1 ± 0a 1 ± 0a 2 ± 0b 

Heart histology 1 ± 0 1 ± 0 1 ± 0 1 ± 0 1 ± 0 2 ± 1 

Fin injuries [total]* 8 ± 1ab 5 ± 1bc 13 ± 3a 3 ± 1c 7 ± 1abc 10 ± 1a 

Exophthalmia [both eyes] 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

Cataract [both eyes] 1 ± 1a 0 ± 0b 0 ± 0ab 0 ± 0b 0 ± 0b 0 ± 0b 

Skin hemorrhages 0 ± 0a 0 ± 0a 0 ± 0ab 0 ± 0a 0 ± 0a 2 ± 0b 

Skin wounds 0 ± 0 0 ± 0 0 ± 1 0 ± 0 0 ± 0 0 ± 0 

Snout wounds 1 ± 1ab 0 ± 0a 1 ± 0b 0 ± 0a 0 ± 0ab 0 ± 0ab 

Operculum shortage 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
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Figure II-1 Histopathological changes in different organs of investigated trout. Micrographs show 
spleen (A), gill (B), head kidney (C), and kidney (D). A: Mild lymphatic depletion, focal fatty 
degeneration (star) and severe congestive hyperemia (arrows), the line in the upper part of the 
picture represents an artifact, representative for SG1; bar = 200 µm B: Lamellar aneurysms (stars), 
mild hyperplasia (arrows) and basal lifting (exemplarily marked with triangles), representative for 
SG1; bar = 50 µm; C: Mild, diffuse hemorrhage in renal interstitium, with almost no 
melanomacrophages, adrenal cortical tissue (star), representative for SG2; bar = 50 µm; D: Lots of 
melanomacrophages (dark, brown spots) and fibrous material in tubuli (star), dilated vessels 
(triangle), representative for SG3; bar = 25 µm. All slides were stained with hematoxylin and eosin.  

Fourteen out of 91 genes were not detectable (CYP24A1, MHC1, FGF2, IL6, IL10, GDF11, MX1, 

PSMB7, HSP30, SERPINH1_1, SOSTDC1, IFNG_1, TNF_2, TNC). The mean fold changes per gene/gene 

group (grouped by function and gene expression) of individuals on a farm relative to the expression 

of individuals from reference Farm 4 and significant differences between the farms are presented in 

Table II-4. Especially large differences with regard to fish welfare were observed between Farm 3 and 

Farm 4, as was also indicated by the differentially expressed gene patterns (Figure II-2). 
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Table II-4 Mean and standard deviation of fold changes per gene/gene group (grouped by function 

and gene expression) of individuals on a farm relative to the expression of individuals from reference 

Farm 4. 

  Farm 

 1 2 3 4 5 6 

Cortisol-dependent stress response (CRH, NR3C1, NR3C2) 1.8 ± 1.5a 1.4 ± 0.7a 0.5 ± 0.3b 1.0b 0.7 ± 0.4ab 1.4 ± 1.0a 

General stress response (GPX) 0.9 ± 0.4 0.6 ± 0.2 0.9 ± 0.4 1.0  0.6 ± 0.2 0.6 ± 0.2 

General stress response (UCP2) 6.8 ± 6.0ab 3.5 ± 3.7ab 4.3 ± 6.6ab 1.0a 17.2 ± 10.8b 3.3 ± 4.8ab 

Hypoxia/heat stress response (HMOX1) 1.2 ± 0.5ab 0.3 ± 0.1c 0.3 ± 0.2ac 1.0abc 4.9 ± 3.4b 0.9 ± 0.6abc 

Heat stress response (SERPINH1_2, HSP90AA1_1, 

HSP90AA1_2) 
1.4 ± 0.8ab 1.2 ± 0.5ab 0.8 ± 0.5a 1.0a 1.1 ± 0.6ab 2.1 ± 1.0b 

Complement system and coagulation, early immune 

response (CFD, C3_3, C5, FGL2, FN1) 
1.8 ± 1.7a 1.2 ± 0.9ab 0.4 ± 0.5b 1.0ab 0.4 ± 0.4ab 1.2 ± 1.1ab 

Pathogen detection, early immune response (TLR3, TLR5, 

TLR9, TLR20, TLR22) 
1.7 ± 1.7 1.5 ± 1.0 0.7 ± 0.7 1.0 0.9 ± 0.7 1.3 ± 1.2 

Early immune response, regulator (IKBA_1, IKBA_2) 1.9 ± 1.5a 1.1 ± 0.8ab 0.5 ± 0.4b 1.0ab 0.8 ± 0.5ab 1.4 ± 1.2ab 

Early immune response, regulator (IKBA_3, TNIP2) 1.0 ± 0.9a 1.1 ± 1.4a 5.2 ± 4.4b 1.0a 7.4 ± 10.6ab 1.9 ± 1.0ab 

Early immune response, regulator (USP4) 1.0 ± 0.2a 1.2 ± 0.2ab 1.1 ± 0.3ab 1.0a 1.3 ± 0.3ab 1.6 ± 0.2b 

Early immune response, transcription (NF-κB_ϭ, NF-κB_Ϯ, 
RELA_1, RELA_2) 

1.9 ± 1.2a 1.3 ± 0.7ab 0.5 ± 0.2b 1.0ab 0.6 ± 0.2ab 1.1 ± 0.8ab 

Early immune response, transcription (MAP3K1) 0.8 ± 0.3a 1.2 ± 0.2abc 2.0 ± 0.6c 1.0ab 1.8 ± 0.6bc 1.1 ± 0.2abc 

Early immune response, transcription (STAT1, IRF1, CEBPB) 1.6 ± 1.0ab 1.5 ± 0.6ab 3.4 ± 2.8a 1.0b 4.5 ± 6.5a 2.6 ± 2.5a 

Early immune response, effector (NOS2) 2.2 ± 1.5a 1.5 ± 0.9ab 0.2 ± 0.2b 1.0ab 0.3 ± 0.2ab 1.3 ± 1.2ab 

Cytokine (IL1B) 0.6 ± 0.2 2.0 ± 1.8 0.7 ± 0.4 1.0 2.7 ± 3.6 2.6 ± 2.3 

Cytokine (IL4/13, IL17, TNF_1) 1.7 ± 1.4 1.1 ± 0.8 0.2 ± 0.2 1.0 0.4 ± 0.3 1.1 ± 1.2 

Cytokine (TGFB_1, TGFB_2) 1.7 ± 1.1ab 2.1 ± 1.1ab 3.8 ± 2.3a 1.0b 2.9 ± 2.9ab 2.2 ± 1.3ab 

Cytokine (IFNG_2, CCL4, CC-chemokine, SOCS1) 2.7 ± 3.6ab 3.4 ± 3.4ab 4.9 ± 7.0a 1.0b 10.9 ± 19.7ab 3.1 ± 3.9ab 

Acute phase (HP, FTH) 1.2 ± 1.2 1.0 ± 0.9 0.4 ± 0.3 1.0 0.4 ± 0.3 1.0 ± 0.9 

Acute phase (SAA) 2.0 ± 1.3 1.3 ± 0.6 0.2 ± 0.1 1.0 0.3 ± 0.2 1.6 ± 1.6 

Immune cell marker, T-cells (TCRG, TCRB) 2.3 ± 1.9 1.7 ± 1.0 0.5 ± 0.4 1.0 0.7 ± 0.5 1.2 ± 1.3 

Immune cell marker, cytotoxic T-cells (PRF) 0.7 ± 0.4a 1.6 ± 0.7ab 2.8 ± 1.4b 1.0ab 6.4 ± 4.5b 1.2 ± 0.6ab 

Immune cell marker, B-cells (IgMmemb, IgMsecr, IgDsecr, IgTsecr) 0.7 ± 0.5a 1.5 ± 0.7ab 2.9 ± 3.4b 1.0a 1.7 ± 1.8ab 0.9 ± 0.7a 

Immune cell marker, nonspecific cytotoxic cells (NCCRP1) 1.1 ± 1.1a 0.7 ± 0.2a 2.8 ± 1.9b 1.0ab 1.7 ± 1.0ab 0.7 ± 0.2a 

Immune cell marker, thrombocytes (ITGA2B) 0.4 ± 0.1a 1.7 ± 1.4ab 5.3 ± 2.9b 1.0ab 3.5 ± 2.6ab 1.8 ± 2.2ab 

Immune cell marker, granulocytes (MPO) 1.7 ± 1.2 1.6 ± 0.9 0.7 ± 0.5 1.0 0.6 ± 0.2 1.0 ± 0.9 

Immune cell marker, mast cells/basophilic granulocytes 

(ENPP3) 
1.2 ± 0.8a 1.0 ± 0.3a 0.2 ± 0.1b 1.0a 0.2 ± 0.1b 0.9 ± 0.6ab 

Antimicrobial peptide/protein (LYG_1, LYG_2) 1.1 ± 1.5 0.9 ± 0.5 3.2 ± 3.1 1.0 1.2 ± 1.3 0.9 ± 0.5 

Antimicrobial peptide/protein (HAMP, CAMP) 2.4 ± 3.5 1.3 ± 1.4 0.2 ± 0.2 1.0 0.5 ± 0.4 1.0 ± 1.5 

Wound healing (ADIPO, COL1A1, MMP2, MMP13, P4HA1) 2.2 ± 1.8 1.3 ± 0.9 0.3 ± 0.3 1.0 0.4 ± 0.3 1.1 ± 1.0 

Wound healing (ALOX5AP) 1.4 ± 1.1ab 0.7 ± 0.3a 2.6 ± 1.5b 1.0ab 1.6 ± 1.1ab 0.7 ± 0.3a 

Response to stocking density (CC058, PYGM, TRIM39, 

FDPS, G6PC, EIF4E, PGM3, KLF11, ARNT) 
1.5 ± 1.2a 1.3 ± 1.0a 0.6 ± 0.4b 1.0ab 0.7 ± 0.4ab 1.1 ± 1.2ab 

Response to stocking density/immune suppression (LECT2) 0.9 ± 0.3 0.9 ± 0.2 1.1 ± 0.4 1.0 0.9 ± 0.2 0.9 ± 0.1 

Significant differences between farms are represented by different letters. Sample size per farm: n = 8, except for Farm 3   
(n = 9) and Farm 6 (n = 7).
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Figure II-2 Fold changes of genes in Farm 3 in relation to Farm 4 (1 = reference Farm 4). 

3.2 Correlations between genes/gene groups and on-farm welfare indicators across all farms 

Table II-5 and Table II-6 display the significant correlations between transcript levels and the average 

stocking density, as well as transcript levels and skin- and fin injuries. Correlations between transcript 

levels of the different genes/gene groups and environmental and management conditions are shown 

in the Supplementary Material (Table II-S1). 
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Table II-5 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ƌs) and significance level of correlations between 
transcript levels and the average stocking density [kg/m³] across all farms (n = 48). 

 

Average stocking density [kg/m³] 

Cortisol-dependent stress response 

CRH -.309* 

NR3C1 -.412** 

Heat stress response 

SERPINH1_2  -.381** 

Complement system and coagulation, early immune response 

C3_3 -.343* 

C5 -.296* 

FN1 -.354* 

Pathogen detection, early immune response 

TLR5 -.325* 

Early immune response, regulator 

IKBA_3 .422** 

TNIP2 .332* 

Early immune response, transcription 

NF-κB_ϭ -.297* 

MAP3K1 .292* 

IRF1 .437** 

CEBPB .415** 

Early immune response, effector 

NOS2 -.308* 

Cytokine 

IL4/IL13 -.355* 

TGFB_1 .296* 

CC-chemokine .383* 

Acute phase 

HP -.294* 

SAA -.292* 

Immune cell marker, nonspecific cytotoxic cells 

NCCRP1 .352* 

Immune cell marker, basophilic granulocytes 

ENPP3 -.483** 

Antimicrobial peptide/protein 

LYG_2 .449** 

HAMP -.336* 

Wound healing 

MMP2 -.307* 

MMP13 -.307* 

P4HA1 -.293* 

ALOX5AP .448** 

Response to stocking density 

PYGM -.319* 

FDPS -.318* 

PGM3 -.319* 

ARNT -.331* 

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).  
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Table II-6 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ƌs) and significance level of correlations between 
transcript levels and skin- and fin injuries [total], including skin hemorrhages and -wounds, snout 
wounds, dorsal-, caudal-, anal-, pectoral- and pelvic fin injuries across all farms (n = 48). 

 

Skin- and fin injuries [total] 

Cortisol dependent stress response 

NR3C1 -.360* 

Heat stress response 

HSP90AA1_1 .360* 

Pathogen detection, early immune response 

TLR5 -.296* 

Early immune response, regulator 

IKBA_3 .370** 

TNIP2 .309* 

Early immune response, transcription 

IRF1 .536** 

Cytokine  

TGFB_1 .383** 

TGFB_2 .296* 

SOCS1 .291* 

Immune cell marker, basophilic granulocytes 

ENPP3 -.298* 

Antimicrobial peptide/protein 

LYG_2 .375** 

Response to stocking density  

PYGM -.363* 

FDPS -.314* 

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).  

4. Discussion 

Standardized environmental and management regulations that go beyond the guidelines for good 

practice are lacking for aquaculture in Germany and most countries worldwide. The exceptions are 

certified farms, which for instance follow regulations for stocking density (Naturland, 2021; RSPCA, 

2020). Consequently, aquaculture settings are extremely diverse. In this study, the diversity of 

German aquaculture farms was reflected by the large differences in environmental and management 

conditions, but also in the significant discrepancy in welfare that was assessed on the farms and that 

was indicated, among others, by external damage as highly relevant welfare indicators (Weirup et al., 

2021, 2022/Chapter I, III) and the physiological responses of fish.  

Evaluation of gene expression in rainbow trout from six different farms 

Significant differences were found in gene expression data between farms, which complement the 

findings on histology, glucose and lactate concentrations, organ somatic indices, external damage, 

water quality, and environmental and management conditions. Generally, it has to be considered 

that the expression of genes involved in stress and immune responses differed between individuals 

from each farm, potentially reflecting different intraspecific coping styles (Koolhaas et al., 1999; 

Øverli et al., 2007). It may also be speculated that some of the sampled trout suffered from 

undiagnosed infections. 
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Similar gene expression profiles were particularly shared between intensive (Farm 1, 3, 5) and 

extensive (Farm 2, 4, 6) stocking densities. Trout from Farm 1, Farm 3 and Farm 5 had a higher 

amount of upregulated genes compared to trout from other farms. Trout from Farm 2 and Farm 4 

had a rather moderate expression of most genes, followed by trout from Farm 6. Many genes of 

individuals from Farm 3 were also most strongly downregulated compared to other farms. Highest 

prevalence and severity of external damage occurred on Farm 3, where the highest stocking density 

was applied. High stocking densities were reported to impair wound healing, leading to a high 

immune/inflammatory response but decreased tissue repair (Sveen et al., 2018). Weirup et al. 

(2021/Chapter I) assumed that stress could potentially conflict with wound healing, as farms with a 

high prevalence and severity of fin injuries showed higher cortisol levels in scales, indicating long-

term stress. A positive correlation of TGFB_1 and TNIP2 and a negative correlation of TLR5 with total 

skin- and fin injuries were observed in this study. Schmidt et al. (2016) observed that the levels of 

TGFB_1 (Haddad et al., 2008; Wick et al., 2013) coding for a profibrotic cytokine involved in wound 

contraction, were upregulated in the wounds of rainbow trout at all time points analyzed. Further 

genes correlating with skin- and fin injuries such as IRF1 and LYG_2 play a role in immune response, 

cell proliferation, and apoptosis. Notably, immune markers analyzed in studies with regard to wound 

healing correlated (negatively: C3_3, TLR5, SAA, MMP2, MMP13, P4HA1; positively: TNIP2, TGFB_1, 

CC-chemokine, ALOX5AP) with stocking density.  

The prevalence of fin injuries observed by Weirup et al. (2021/Chapter I) was not only affected by 

stocking density/water supply per kg fish but also by water supply and duration of a total water 

exchange in the tank. In this study, the expression of certain genes/gene groups correlated especially 

with the duration of a total water exchange and with temperature and oxygen. A low water 

exchange, higher temperatures, and lower oxygen levels are likely to interfere with welfare, as 

indicated by the transcript levels of the stress and immune genes investigated.  

Farm 4  

The stocking density on Farm 4 was comparably low and the water supply and -exchange rate were 

high compared to the other farms investigated, potentially providing the best welfare conditions 

(Weirup et al., 2021, 2022/Chapter I, III). The fish on Farm 4 had no notable welfare impairments 

with regard to behavior, external damage, histology, blood parameters, organ somatic indices, and 

also had comparably low scale cortisol levels (Weirup et al., 2021/Chapter I) and moderate gene 

expressions compared to individuals from other farms. Farm 4 was thus chosen as a reference for the 

gene-expression profiles obtained from the fish from all studied farms. 

Farm 1 

The water supply, -supply per kg fish and -exchange were low on Farm 1 and its fish had the highest 

HSI, fin- and snout wounds, and highest levels of cataracts compared to the fish from other farms. 

Compared to other farms, the fish on Farm 1 showed higher transcript levels encoding acute phase 

proteins, UCP2, cytokines, TLRs, and different other early immune response genes. Especially at a low 

water supply and -exchange, pathogens can accumulate in fish tanks. Transcript levels indicative of 

bacterial or parasitic infection such as NOS2 and TLR5, TLR20 and TLR22 were highest in individuals 

from Farm 1. High HSI levels can also be indicative of a potential stress response, with the liver as the 

dominant metabolic organ (Harper and Wolf, 2009). GPX indicating oxidative stress (Meiler et al., 
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2020) was downregulated in individuals from Farm 1. The presence of cataracts that were especially 

found in individuals from Farm 1 can be an indication of repeated stress, osmotic imbalance, 

oxidative stress on the lens fiber, rapid growth (Bjerkås and Sveier, 2004), nutrient deficiency (Breck 

et al., 2003, 2005; Waagbø et al., 2003, 2010; Bjerkås and Sveier, 2004), water temperature 

fluctuations (Bjerkås et al., 2001; Remø et al., 2011) or the influence of carbon dioxide (Neves and 

Brown, 2015). 

Farm 2  

In contrast to Farm 1, the comparably higher water supply, -supply per kg fish, and a shorter duration 

of total water exchange in the tank were potentially beneficial for welfare on Farm 2. This was 

reflected by low scale cortisol levels and low prevalence and severity of external damage in the fish 

from this farm (Weirup et al., 2021, 2022/Chapter I, III). Furthermore, the samples from Farm 2 

revealed rather moderate transcript levels of the selected genes that were observed in the samples 

from Farm 4. However, the fish from Farm 2 had a notably higher gill score and glucose levels 

compared to those from other farms. Very heavy rainfalls occurred on the night and the morning 

before sampling, which potentially led to the high total bacterial load in the water. Heavy rainfall, 

especially on a farm using surface water, can introduce more organic matter and particles into the 

water, leading to oxygen depletion, pH fluctuations, and mechanical irritation of the gills. Increased 

glucose levels (providing energy and maintenance of homeostasis) potentially reflect an acute stress 

response, which is also indicated by the upregulated expression of G6PC which encodes a catalytic 

subunit of glucose-6-phosphatase that regulates blood glucose levels in rainbow trout and other 

organisms (Vernier and Sire, 1976; Liu et al., 2014; Rebl et al., 2017).  

Farm 3  

The high stocking density of 150 kg/m³ (3 weeks prior to and during sampling) on Farm 3 led to 

crowding and the fish on this farm showed the highest activity level and the greatest amount of 

external damage compared to those from the other farms. The pH of 5.92 was below the 

recommended ranges (pH 6–8; VDFF, 2016) and could indicate increased carbon dioxide levels. The 

SSI and HSI were highest on Farm 3 compared to other farms, potentially indicating that cells from 

the head kidney and the periphery migrated into the spleen or liver in the fish that were sampled 

from this farm. Blood glucose levels, as a potential indicator for (acute crowding) stress, were not 

increased in the samples from Farm 3, contrary to the findings in Rebl et al. (2017). This could be due 

to a high stocking density being applied over a longer period of time, leading to a general adaptation 

syndrome or a high energy demand with glucose not accumulating (Martínez-Porchas et al., 2009). In 

this context, we noted that the transcript levels of the genes ARNT and G6PC were downregulated in 

the samples from Farm 3 compared to those from other farms. ARNT induces the expression of G6PC 

(Gautier-Stein et al., 2012), which encodes a key enzyme regulating blood glucose levels.  

Potential marker genes for stocking density were all downregulated, in contrast to the findings from 

Rebl et al. (2017), where all density genes except for FDPS, EIF4E, and HSP90AA1 were upregulated 

(liver: CC058, TRIM39, G6PC, PGM3, KLF11, ARNT; kidney/gill: PYGM) in rainbow trout exposed to a 

high density of 120 kg/m³ over a time period of 9 days. Besides the downregulation of all potential 

density markers on Farm 3, downregulation of many other genes/gene groups (e.g., cortisol-

dependent stress response, complement system, early immune response, cytokines, and acute phase 
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proteins) was observed. Yarahmadi et al. (2016) reported the downregulation of several genes 

encoding cytokines and components of the complement system in rainbow trout at a stocking 

density of 80 kg/m³ applied for over a month, potentially indicating an immune suppression. 

Additionally, LECT2 was slightly more highly upregulated in the trout from Farm 3 compared to those 

from other farms, which was also described for stressed Coregonus maraena at high stocking 

deŶsities of ϭϬϬ kg/ŵ³ ;KoƌǇtář et al., ϮϬϭϲͿ aŶd ƌaiŶďoǁ tƌout at ϲϱ kg/ŵ³ ;Talďot et al., ϮϬϬϵͿ. 
However, a comparison of gene expression with other studies needs to be interpreted with caution, 

as studies under controlled experimental conditions differ significantly from the practical farming 

environment and management. 

Farm 5 

The fish on Farm 5 showed relatively low external damage compared to those from Farm 1, 3, and 6 

and low scale cortisol levels (Weirup et al., 2021, 2022/Chapter I, III). However, the behavioral 

observation identified sudden hectic movements in individual fish, potentially indicating a flight 

response due to an attack or impaired health. Notably, trout on Farm 5 had the highest kidney 

scores. The kidney secretes hormones stimulating stress response pathways (Harper and Wolf, 2009). 

Genes with important roles in inflammatory/immune (HMOX1, IKBA_3, TNIP2, STAT1, IRF1, CEBPB, 

IFNG_2, CCL4, CC-chemokines, SOCS1, and PRF), and stress responses (UCP2) were highly 

upregulated on Farm 5 compared to Farm 4, which could be indicative of inflammation or potentially 

unknown suboptimal environmental and/or management conditions. Generally, the transcript levels 

of fish on Farm 5 and Farm 3 revealed similar patterns, although they were less pronounced on Farm 

5, where stocking density, although belonging to the higher densities, was less than twice as high 

compared to Farm 3.  

Farm 6 

On Farm 6, the water supply and -exchange were comparably low and the temperature of 19.8 °C 

was above the recommended ranges for rainbow trout (18 °C, VDFF, 2016; 16 °C, RSPCA, 2020). The 

upregulation of heat shock proteins (SERPINH1_2, HSP90AA1_1, HSP90AA1_2) in fish from Farm 6 

could indicate the protection of proteins from denaturation or the accelerated breakdown of non-

functional proteins due to heat stress, as previously described for various fish species (Rebl et al., 

2018; Swirplies et al., 2019; Ma et al., 2020). As described by Weirup et al. (2021/Chapter I), trout on 

Farm 6 had comparably high scale cortisol levels indicating long-term exposure to stress. A study by 

Bard et al. (2021) identified high baseline cortisol levels in subordinate trout, which resulted in 

lowered thermal tolerance. Additional stressors and combined stressor effects can negatively impact 

ƌaiŶďoǁ tƌout͛s phǇsiologǇ, espeĐiallǇ the iŵŵuŶe sǇsteŵ ;‘eďl et al., ϮϬϮϬͿ, aŶd likelǇ Đoŵpƌoŵise 
their welfare.  

The fish from Farm 6 had the highest gill score, highest levels of spleen and head kidney scores, 

glucose, lactate as well as skin hemorrhages compared to the individuals from other farms. The 

upregulation of immunological gene groups (e.g., early immune response genes, cytokines, and acute 

phase proteins may indicate an acute infection and an early immunological response, while skin 

hemorrhages and -wounds can indicate bacterial infections such as furunculosis (Bruno et al., 2013). 

The levels of TLRs and NOS2, which can also be a sign of bacterial infections, were higher in fish from 

Farm 6 compared to those from Farm 4. 
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5. Conclusion 

At present, recommendations but no regulations for aquaculture practices exist in Germany. The 

impact of this lack of enforcement was shown by the large differences in environmental and 

management conditions of the farms and the fish welfare that was assessed. Methods that provide 

accurate information on the welfare of fish in aquaculture are essential. Especially the observation 

and monitoring of external morphological damage and its prevalence and severity are highly 

effective on-farm welfare indicators (see also Weirup et al., 2021, 2022/Chapter I, III), which were 

physiologically reflected by the applied laboratory-based indicators. The analyzed genes, especially 

with regard to early stress and immune responses, provided a deeper insight into fish welfare and 

the influence of different environmental and management conditions. Especially stocking density and 

the duration of a total water exchange in the tank revealed a large impact on gene expression and 

welfare of fish. The farms investigated in the present study were sampled once. For future research it 

might be considered collecting continuous data to receive a deeper insight into acute stress 

responses in relation to environmental and management conditions. Furthermore, the genetic 

potential of the fish on the diverse farms could be integrated into the analyses. 
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Chapter II Supplementary Material 

Table II-S1 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;rs) and significance level of correlations between the transcript levels of the different genes/gene groups 
and environmental and management parameters (n = 48).  

 

 

 

Water supply 

[L/s]

Water supply 

per kg fish 

[L/h]

Duration of a 

total water 

exchange     

[h]

Average 

stocking 

density 

[kg/m³]

Temperature 

Outlet       

[°C]

Oxygen 

Outlet    

[%]

pH 

Outlet

Ammonium 

Outlet      

[mg/L]

Ammonia 

Outlet       

[mg/]

Nitrite 

Outlet 

[mg/L]

Nitrate 

Outlet 

[mg/L]

Turbidity 

Outlet     

[NTU]

Total bacterial 

load Outlet 

[BQW]

Cortisol-dependent stress response (CRH, NR3C1, NR3C2) -.189 .106 .529
**

-.355
*

.601
**

-.435
** .205 -.153 -.065 .367

*
.399

** .013 .066

General stress response (GPX) .161 .036 .011 .072 -.145 .108 -.155 -.314
* -.235 -.220 -.143 -.174 .064

General stress response (UCP2) -.198 -.063 -.096 -.065 .130 .149 .432
** .092 .307

* .268 .430
** -.252 -.358

*

Hypoxia/heat stress response (HMOX1) -.399
** -.193 -.092 .134 .176 .373

**
.659

** .259 .551
**

.384
**

.557
** -.202 -.675

**

Heat stress response (SERPINH1_2, HSP90AA1_1, HSP90AA1_2) -.415
** .008 .481

** -.206 .677
**

-.295
*

.417
** .282 .284 .527

**
.451

**
.287

* -.247

Complement system and coagulation, early immune response (CFD, C3_3, C5, FGL2, FN1) -.111 .106 .461
**

-.303
*

.480
**

-.379
** .114 -.212 -.131 .259 .296

* -.022 .107

Pathogen detection, early immune response (TLR3, TLR5, TLR9, TLR20, TLR22) -.082 .033 .243 -.207 .285
* -.269 .089 -.100 -.042 .208 .238 -.036 .094

Early immune response, regulator (IKBA_1, IKBA_2) -.304
* -.016 .466

** -.238 .572
**

-.335
*

.318
* -.050 .093 .454

**
.503

** .004 -.082

Early immune response, regulator (IKBA_3, TNIP2) -.137 -.282 -.372
**

.463
**

-.360
*

.358
* .003 .521

**
.380

** -.049 -.200 .301
* -.246

Early immune response, regulator (USP4) -.155 .120 .046 -.143 .280 -.019 .268 .422
**

.285
* .200 .093 .272 -.243

EaƌlǇ iŵŵuŶe ƌespoŶse, tƌaŶsĐƌiptioŶ ;NF‐κB_ϭ, NF‐κB_Ϯ, ‘ELA_ϭ, ‘ELA_ϮͿ -.130 .028 .408
** -.239 .412

**
-.363

* .100 -.203 -.101 .271 .315
* -.043 .129

Early immune response, transcription (MAP3K1) .140 -.127 -.487
**

.292
*

-.524
** .282 -.212 .252 .106 -.265 -.351

* .090 .024

Early immune response, transcription (STAT1, IRF1, CEBPB) -.324
*

-.398
** -.100 .440

** -.115 .080 .026 .562
**

.413
** .194 -.024 .465

** -.137

Early immune response, effector (NOS2) -.098 .093 .410
**

-.308
*

.441
**

-.369
** .117 -.222 -.123 .257 .314

* -.071 .118

Cytokine (IL1B) .023 .248 .156 -.237 .231 -.117 .068 .068 -.042 .011 -.014 .125 -.050

Cytokine (IL4/13, IL17, TNF_1) -.009 .120 .299
* -.263 .309

* -.272 .050 -.224 -.154 .134 .188 -.086 .134

Cytokine (TGFB_1, TGFB_2) -.086 -.269 -.080 .324
* -.211 -.057 -.248 .315

* .108 -.010 -.230 .401
** .159

Cytokine (IFNG_2, CCL4, CC-chemokine, SOCS1) -.150 -.282 -.084 .238 -.132 -.095 -.115 .310
* .181 .114 -.045 .293

* .100

Acute phase (HP, FTH) .012 .196 .330
*

-.314
*

.360
* -.249 .082 -.245 -.176 .112 .177 -.099 .072

Acute phase (SAA) -.052 .107 .393
**

-.292
*

.394
**

-.365
* .050 -.234 -.167 .197 .236 -.048 .183

Immune cell marker, T-cells (TCRG, TCRB) -.075 .000 .278 -.179 .268 -.286
* .048 -.192 -.098 .195 .245 -.078 .139

Immune cell marker, cytotoxic T-cells (PRF) .111 -.042 -.520
** .137 -.402

**
.318

* -.004 .272 .203 -.165 -.172 -.039 -.139

Immune cell marker, B-cells (IgMmemb, IgMsecr, IgDsecr, IgTsecr) .308
* -.023 -.414

** .169 -.542
** .114 -.421

** .040 -.148 -.388
**

-.479
** .050 .307

Immune cell marker, nonspecific cytotoxic cells (NCCRP1) .215 -.094 -.532
**

.352
*

-.619
**

.443
** -.226 .112 .032 -.397

**
-.417

** -.038 -.056

Immune cell marker, thrombocytes (CD41) .118 -.102 -.419
** .264 -.473

** .238 -.237 .231 .070 -.260 -.353
* .114 .008

Immune cell marker, granulocytes (MPO) .069 .063 .194 -.183 .133 -.258 -.094 -.269 -.219 .034 .079 -.109 .247

Immune cell marker, mast cells/basophilic granulocytes (ENPP3) .087 .303
*

.496
**

-.483
**

.483
**

-.456
** -.017 -.418

**
-.365

* .101 .167 -.117 .289

Antimicrobial peptide/protein (LYG_1, LYG_2) .134 -.148 -.204 .336
*

-.416
** .143 -.359

* .038 -.098 -.291
*

-.406
** .158 .160

Antimicrobial peptide/protein (HAMP, CAMP) -.010 .165 .307
*

-.331
*

.355
*

-.288
* .093 -.234 -.152 .155 .229 -.122 .114

Wound healing (ADIPO, COL1A1, MMP2, MMP13, P4HA1) -.087 .062 .408
** -.252 .394

**
-.368

* .053 -.222 -.147 .222 .254 -.029 .170

Wound healing (ALOX5AP) .030 -.267 -.281 .448
**

-.461
** .268 -.232 .094 .046 -.215 -.282 .088 .024

Response to stocking density (CC058, PYGM, TRIM39, FDPS, G6PC, EIF4E, PGM3, KLF11, ARNT) -.068 .098 .376
**

-.318
*

.406
**

-.373
** .093 -.235 -.139 .236 .298

* -.092 .149

Response to stocking density/immune suppression (LECT2) .049 -.056 -.049 .116 -.143 .037 -.139 -.037 -.066 -.106 -.133 .027 .071

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 
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Abstract 

Scientific studies concerning fish being sentient, and showing pain perception and cognitive 

capacities, have raised the need to accurately assess fish welfare and to implement standardized 

protocols for comparable welfare assessments in aquaculture. This study aimed to evaluate welfare 

indicators to be reliably and practicably assessed directly on-farm and to establish a welfare 

evaluation index based on rainbow trout (Oncorhynchus mykiss) during grow-out in commercial flow 

through systems. Potential on-farm welfare indicators, assessed on nine different farms, included 

environmental- (water supply, duration of a total water exchange in the tank, water quality) and 

management parameters (stocking density, feeding frequency), behavior and health observations 

(disease and low welfare indicating behaviors, social behavior, activity level, crowding), and external 

morphological damage (skin-, fin-, eye- and gill damage, skeletal deformities, emaciation). A principal 

component analysis followed by multiple linear regression showed that water supply, water supply 

per kg fish, and the duration of a total water exchange in the tank, nitrogen compounds, and the 

estimated activity level were the major predictors of external damage. The findings indicate direct 

and indirect effects of suboptimal rearing conditions to result in a visibly degraded external 

appearance of fish, thereby demonstrating external damage as being highly relevant welfare 

indicators. The reliaďilitǇ aŶd/oƌ pƌaĐtiĐaďilitǇ of usiŶg faƌŵs͛ eŶǀiƌoŶŵeŶtal aŶd ŵaŶageŵeŶt 
conditions and fish behavior as likewise essential welfare indicators were limited, while external 

damage could be reliably assessed using photographic images, matched to a scale of different 

severity grades of impairment. Such a method is easily and quickly acquired and applied with 

reproducible results at no material costs. The fish welfare evaluation index (fWEI) summarizes the 

external damage including prevalence and severity, resulting in categories of very good to poor 

welfare. The fWEI can be applied by fish farmers, veterinarians, certification or monitoring programs. 

Based on the fWEI results, further measurements and adjustments may become necessary to 

determine and eliminate the causes behind fish welfare impairments. 

Keywords: Aquaculture, Fish welfare evaluation index, External morphological damage, Behavior, 

Flow through systems, Rainbow trout 
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1. Introduction 

Scientific studies and awareness of fish being sentient with cognitive capacities (Brown et al., 2011) 

and pain perception (Sneddon et al., 2015) raised the need to accurately quantify fish welfare and to 

implement standard procedures for reliable and practicable welfare assessment in aquaculture. The 

global demand for fish as a valuable source of protein, but also as a luxury food is increasing 

alongside with a considerable ethical concern over welfare of a variety of fish species (Tidwell and 

Allan, 2001). This continuously growing demand has led to a significant and worldwide intensification 

of aquaculture (FAO, 2020). Not just in Europe, consumers, regulators, and non-governmental 

organizations demand high animal welfare standards in aquaculture, including evaluation and 

labeling of welfare-friendly production methods (Solgaard and Yang, 2011; Pieniak et al., 2013; 

Feucht and Zander, 2016; Zander and Feucht, 2017; Eurogroup for Animals, 2018).  

The ĐoŵŵoŶ ďasis of ǀaƌious ǁelfaƌe assessŵeŶt appƌoaĐhes foƌ liǀestoĐk faƌŵiŶg aƌe the ͞Fiǀe 
Fƌeedoŵs͟ deǀeloped ďǇ the Farm Animal Welfare Council (FAWC, 1979), which include the 

͞Fƌeedoŵ fƌoŵ huŶgeƌ aŶd thiƌst͟, ͞Fƌeedoŵ fƌoŵ disĐoŵfoƌt͟, ͞Freedom from pain, injury and 

disease͟, ͞Fƌeedoŵ to eǆpƌess Ŷoƌŵal ďehaǀioƌ͟ aŶd the ͞Freedom from fear aŶd distƌess͟. 
However, the welfare of animals is not just defined by the absence of suffering or the fulfillment of 

ďasiĐ Ŷeeds, as the aiŵ is to pƌoǀide aŶiŵals ǁith a ͞good life͟ oƌ a ͞life ǁoƌth liǀiŶg͟ ;FAWC, 2009). 

To attaiŶ these goals of a ͞life ǁoƌth liǀiŶg͟ oƌ a ͞good life͟, negative experiences should be 

minimized and opportunities to have positive experiences should be provided (Mellor, 2016) without 

being under-challenging (allostasis concept; Korte et al., 2007). In fish species, there are still many 

unknown aspects regarding their mental or emotional status (Kittilsen, 2013). Nevertheless, today a 

plethora of on-farm (often also referred to as operational welfare indicators) and laboratory-based 

welfare indicators are available to assess fish welfare in aquaculture (Noble et al., 2018, 2020), 

including their physical and behavioral needs (Stien et al., 2013). 

Some methods exist that combine indicators as welfare indices for different fish species (Stien et al., 

2013; Müller-Belecke, 2019; Gutierrez Rabadan et al., 2021; Tschirren et al., 2021). Welfare indices 

range from applying a small (Gutierrez Rabadan et al., 2021) to a large number of indicators 

(Tschirren et al., 2021) and differ in assessment methods and the complexity of calculations applied. 

When choosing suitable on-farm welfare indicators for a welfare evaluation index, it is essential to 

consider the differences in species-specific vulnerabilities, challenges posed by rearing systems and 

regions, and the application purpose (e.g., for fish health professionals; Pettersen et al., 2014) of the 

welfare assessment. For on-farm self-monitoring, a broad range of indicators can be included to 

determine welfare and be applied separately for different handling approaches (capture, slaughter; 

Pedrazzani et al., 2020) or used based on the need and applicability (Tschirren et al., 2021). However, 

for certification and monitoring programs, the indicators need to be selected carefully with regard to 

their reliability, validity, and practicability to ensure the comparability of the indicators between 

farms.  

The suitability of the currently available indices is still under debate due to their recent availability 

and the unknown potential use by different stakeholders. As the only index that has been available 

for a longer time period, the ͞“almon Welfare Index Model͟ (SWIM 1.0; Stien et al., 2013) was 

evaluated by Folkedal et al. (2016) who concluded that a need for standardized sampling methods 

and further clarification of some welfare indicators exists. For rainbow trout (Oncorhynchus mykiss) 
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in flow through systems, information on the practicability and reliability of different 

indicators/indicator groups (e.g., water quality and behavior) in welfare indices have only rarely been 

published (Tschirren et al., 2021: two farms assessed for rainbow trout in flow through systems; 

Müller-Belecke, 2019: no publication available). Standardized sampling methods, the practicability of 

assessment time and expense, and the understanding and traceability of the calculations applied in a 

welfare index can be limiting factors for the acceptance of its application by different stakeholders 

(North et al., 2008; van de Vis et al., 2012). Furthermore, the weighting of the impact of indicators on 

welfare is difficult (Stien et al., 2013; Tschirren et al., 2021) and relies on ongoing research and 

debates. 

The aim of this study was thus to evaluate suitable welfare indicators and to establish a welfare 

evaluation index using reliable and practicable on-farm indicators that are applicable to different 

stakeholders (fish farmers, veterinarians, certification and monitoring programs) and which allow 

them to benchmark the welfare of rainbow trout during grow-out in different commercial flow 

through systems.  

2. Materials and methods 

2.1. General experimental design 

To evaluate welfare indicators and to develop the welfare evaluation index (fWEI), nine operating 

flow through farms stocked with female rainbow trout during grow-out were selected. The farms 

differed in their geographic location in Germany and in many aspects of the environment (e.g., water 

supply, duration of a total water exchange in the tank, water quality) and applied management 

systems (e.g., stocking density, feeding frequency). Based on a literature study, and a questionnaire 

used to interview the farmers, on-farm welfare indicators were chosen to review their suitability for 

the individual farms. Welfare assessment of fish from a single tank per farm was performed. Specific 

environmental and management parameters were provided by the farmers, while behavior and 

health observations were conducted by three independent observers, and the water quality was 

analyzed on-site. Fish ǁeƌe saŵpled oŶĐe ǁithiŶ eaĐh faƌŵ͛s opeƌatioŶal slaughteƌ pƌoĐess. Fish 
were stunned using manual percussive stunning, and then killed by cutting the spinal cord in 

accordance with national ethical guidelines and regulations (Section 8a (1) No. 3b German Animal 

Welfare Act; § 12 Ordinance on the Protection of Animals in Connection with Slaughter or Killing; 

Implementation of Council Regulation (EC) No 1099/2009, Animal Protection Slaughter Ordinance). 

The fish length and weight were measured to calculate the condition factor (n = 30), and external- (n 

= 30) and gill damage (n = 10) were examined.  

2.2 Sampling and analyses for the evaluation of welfare indicators 

Water quality 

Water was sampled once during the morning hours at the inlet and outlet of the tank. Temperature, 

pH, and oxygen levels were determined by using OxyGuard Handy Polaris (OxyGuard International 

A/S, Denmark). A spectrophotometer (Hach DR2800, Hach Lange GmbH, Düsseldorf, Germany) was 

used to measure ammonium, nitrite, and nitrate levels (Permachem Reagents, Hach Lange GmbH, 

Düsseldorf, Germany). In the following, ammonia was calculated based on the temperature, pH, and 
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ammonium according to Emerson et al. (1975). Turbidity was analyzed with a turbidity meter (Extech 

TB400, Extech Instruments, Boston, USA).  

Behavior and health observation  

Three independent observers in parallel assessed the behavior and health parameters of the fish 

stock in the tank. Noticeable behaviors from a distant view were recorded (e.g., dorsal fins above the 

water). Then the tank was approached (max. 1 m distance) quietly and avoiding sudden moves. 

During the first 5 minutes, the reaction of the fish towards the observers was documented along with 

the weather conditions, tank conditions (e.g., leaves, fouling, sharp objects, loose nets), and visibility 

of fish in the tank. After a 5-minute adaptation phase, external damage, noticeable discolored fish, 

and dead fish were recorded for 5 minutes. Afterwards, the fish behavior was documented for 10 

minutes. Differentiation of observation phases were conducted in order to set the focus of the three 

observers on the same indicators. Individual fish showing certain behaviors or external damage, color 

changes, and dead fish were counted (counted individual = CI) or the percentage of the stock 

showing a certain behavior or external damage was estimated (estimated percentage = EP). EP 0 was 

assigned when the behavior or external damage was not observed, EP 1 when ~12.5 %, EP 2 when 

~25 %, EP 3 when ~50 %, EP 4 when ~75 %, and EP 5 when ~100 % of fish were estimated to be 

affected. The activity level and crowding were ranked from 0 (no activity, no crowding) to 5 (very 

high activity, severe crowding). Crowding in this study refers to the aggregation of fish, however not 

induced by harvesting (as described in Noble et al., 2020) but by stocking density or velocity. 

Behavioral or morphological indicators that were not measurable due to poor visibility in the tank 

ǁeƌe ƌated as ͞Ŷot assessaďle͟ ;Ŷ.a.Ϳ.  

Condition factor 

The FultoŶ͛s ĐoŶditioŶ faĐtoƌ K ǁas deteƌŵiŶed aĐĐoƌdiŶg to the folloǁiŶg foƌŵula: K = total ǁeight 
(g)/total length³ (cm) * 100. 

External morphological damage 

External morphological damage included eye damage (each eye was examined for hemorrhages, 

cataract, exophthalmia), skin injuries (scale loss, hemorrhages, skin- and snout wounds, 

macroscopically detectable parasites), fin injuries (dorsal, caudal, anal, pectorals, pelvics), 

deformities (operculum shortage left and right, vertebral-, upper- and lower jaw deformities), 

emaciation and gill damage. Indicators were assessed ranging from SG 0 (no evidence of the 

indicator) to SG 3 (strong evidence of the indicator), mainly according to and partly revised after 

Noble et al. (2018). Cataract scoring was assessed as presented by Noble et al. (2018) based on 

photos by Bass and Wall (Undated) and adapted to severity grades SG 0 to SG 3. Fin injuries were 

assessed according to Hoyle et al. (2007) and adapted to severity grades SG 0 to SG 3.  

2.3 Development of the fish welfare evaluation index (fWEI) 

For the development of the fWEI the potential environmental, management, behavioral, and 

external morphological damage indicators, assessed on the nine different farms, were evaluated with 

regard to their reliability and practicability. Literature and expert (farmers, veterinarians, fishery 

scientists) discussions were taken into account. Additionally previous study results, obtained to 
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ƌeĐeiǀe a deepeƌ iŶsight iŶto diƌeĐt aŶd iŶdiƌeĐt effeĐts of diffeƌeŶĐes iŶ faƌŵs͛ eŶǀiƌoŶŵeŶtal aŶd 
management conditions on welfare (osmolality, scale cortisol, Weirup et al., 2021; glucose, lactate, 

histology, and molecular markers, Weirup et al., 2022), were considered. Based on this evaluation 

the selected indicators for the fWEI include exophthalmia, eye loss/loss of function, cataracts, 

operculum shortage, gill damage, skin hemorrhages, skin wounds, snout wounds, dorsal-, caudal-, 

pectoral fin damage, and emaciation. External morphological damage indicators that were excluded 

from the fWEI occurred rarely on the farms (eye hemorrhages, macroscopically detectable parasites, 

vertebral- or jaw deformities), and/or were influenced by sampling (eye hemorrhages, scale loss). 

Anal and pelvic fins were not included in the fWEI to not overestimate fin damage compared to other 

indicators. Environmental, management, and behavioral indicators were excluded from the fWEI due 

to inconsistencies in reliability and/or practicability. However, environmental, management, and 

behavioral indicators were indirectly considered in the fWEI as they were reflected in the external 

morphological damage of fish.  

2.4 Statistical analyses 

“tatistiĐal aŶalǇses ǁeƌe peƌfoƌŵed usiŶg IBM® “P““® “tatistiĐs VeƌsioŶ ϮϬ aŶd “peaƌŵaŶ͛s ƌho ǁas 
applied to test for bivariate correlations of variables across all farms (n = 270), hereby considering 

non-normally distributed and ordinal data. The interobserver reliability per farm was measured using 

Fleiss-Kappa. To summarize and hence reduce the number of variables, a principal component 

aŶalǇsis ;PCAͿ ǁas ĐoŶduĐted sepaƌatelǇ oŶ the diffeƌeŶt iŶdiĐatoƌ gƌoups. Baƌtlett͛s Test of 
Sphericity and Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO) were conducted to test if 

the variables were suitable for factor analyses. PCA was conducted using Varimax rotation. The 

resulting PCA components and variables not included in the components were applied in stepwise 

multiple linear regression to determine the major predictors on total external damage. Histograms, 

P-P Plots, and Scatterplots were assessed visually, and case-wise diagnostics were used to achieve 

normally distributed residues. ANOVA was used to analyze if the independent variables predicted the 

dependent variable significantly and the adjusted R² was analyzed to determine the goodness-of-fit 

for the overall model. To test for differences of the fWEI results between farms, normality of 

distribution and homogeneity of variances were analyzed using the Shapiro Wilk Test and Levene 

Test and subsequently by Kruskal-Wallis for independent samples, followed by Bonferroni to test for 

multiple comparisons among means. To determine statistical significance, p ≤ 0.05 was applied in all 

tests. 

3. Results 

3.1 Environmental and management indicators 

Major differences between farms were observed for water supply and -exchange duration, stocking 

density, and feeding frequency, and also concerning tank design and predator impact (Table III-1). 

The feed used by common retailers was always age-appropriate and species-specific for rainbow 

trout and on all farms widely distributed over the tank during feeding. The standard water quality 

parameters surveyed (Table III-1) were mainly within the recommended ranges by VDFF (2016). The 

pH measured on Farm 4 was below, and the temperature measured on Farm 8 was above the 

recommended ranges. Ammonium levels were above the recommended ranges on Farm 5, albeit 

with pH and ammonia levels being within the optimal ranges. In general, farms with lower water 
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supply, lower water supply per kg fish, and a longer duration of a total water exchange in the tank 

showed comparably higher levels of nitrogen compounds, temperature, pH and turbidity, and lower 

levels of oxygen (correlations presented in Weirup et al., 2021/Chapter I).  

3.2 Behavior and health observation 

The median of behavior and health indicators assessed on nine farms by three independent 

observers are shown in Table III-2. An adapted behavior and health protocol is provided in the 

supplementary material, Table III-S1. In six out of nine farms, the water clarity was impaired to a 

point where the bottom of the tanks (tank depth around 1–2 m) was not visible. On Farm 2, the 

assessment was not possible except for a few indicators due to the limited visibility. The external 

damage observed for the fish stock in a tank mainly included fin injuries. Apathetic fish that remained 

at the tank sides, and aggressive or dominant behavior, such as biting or chasing, was only observed 

in a very small number of individual fish. On farms with low and medium densities, the fish formed a 

shoal, which altered in its aggregation but with the fish always keeping a certain distance to each 

other. At higher densities, several smaller shoals were observed, while at high density no shoaling 

behavior was detected. As a result of strong crowding on Farm 4, the fish could not keep a distance 

to one another or the tank walls, and erratic swimming behavior with many dorsal fins out of the 

water was observed, with laterally swimming and lethargic fish in between. While a high activity level 

reflected crowding, it also arose in response to permanent swimming behavior due to feeding 

frequency, as presented in Table III-3 which shows correlations between behavior and environmental 

and management parameters.  
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Table III-1 Environmental and management parameters of the studied farms. The water quality parameters are presented for the tank outlet. 

 

 Farm 

  1 2 3 4 5 6 7 8 9 

Tank volume [m³] 300 85 1000 115 500 210 30 500 100 

Tank material* concrete concrete concrete concrete concrete/stone soil/stone concrete soil concrete/stone 

Predator impact** no possible no no no possible no no yes 

Water supply [L/s] 3 3 55 50 8 100 40 7 10 

Water supply per kg fish [L/h] 154 2,160 39,600 1,800 960 45,000 2,400 2,800 1,800 

Duration of a total water exchange [h] 28 8 1 5 17 1 0.2 20 3 

Average stocking density [kg/m³] 70 5 5 100*** 30 8 60 9 20 

Feeding frequency [times/day] 12 1 6 3 36 1 4 1 1 

O2 [%] 72.00 68.00 70.00 93.00 88.00 95.00 105.00 86.00 93.00 

O2 [mg/L] 7.30 7.40 6.90 9.70 8.80 9.50 10.50 7.80 9.40 

Temperature [°C] 15.20 12.40 14.90 12.30 16.30 12.80 12.80 19.80 12.60 

pH 6.97 6.81 6.57 5.92 7.09 6.69 7.65 7.19 6.15 

Ammonium [mg/L] 0.31 0.04 0.04 0.35 1.23 0.02 0.42 0.48 0.00 

Ammonia calculated [mg/L]  0.001 0.000 0.000 0.000 0.004 0.000 0.004 0.003 0.000 

Nitrite [mg/L] 0.18 0.04 0.01 0.01 0.06 0.00 0.06 0.08 0.00 

Nitrate [mg/L] 26.00 0.51 2.57 1.02 6.73 1.25 5.42 4.16 0.67 

Turbidity [NTU] 11.63 7.72 8.10 19.51 2.24 1.92 4.99 23.39 2.01 

*Tank material of the walls and bottom consisted of concrete or soil (pond) or a mixture including stones. **Predator impact describes if the tank was covered by nets or if predator attacks 
were possible. ***Stocking density at sampling and 3 weeks prior to sampling at 150 kg/m3. 
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Table III-2 Median of behaviors, external damage, color, and dead fish per fish stock in one tank per farm, assessed by three independent observers. 

 

Indicator 

Assessment 

Type* 

Farm 

1 2 3 4 5 6 7 8 9 

Activity level [0–5] 0–5 2 n.a. 2 5 4 2 3 2 2 

Crowding [0–5] 0–5 0 0 0 4 0 0 0 0 0 

Fish close beneath the surface, dorsal fins above the water EP  3 0 0 4 1 0 2 0 0 

Fish close to the bottom EP  n.a. n.a. n.a. n.a. 0 n.a. 0 n.a. 0 

Standing at the inlet EP 1 n.a. 0 1 0 0 3 0 0 

Standing at the inlet or surface with high ventilation rate, open mouth CI 0 0 0 0 0 0 0 0 0 

Standing at the tank sides, apathetic, fins clamped to the body CI 1 1 0 n.a. 0 n.a. 0 0 0 

Tumbling CI 1 n.a. n.a. 1 1 n.a. 0 n.a. 0 

Sudden hectic movements CI 0 n.a. 0 0 0 0 5 0 0 

Scrubbing CI 0 n.a. n.a. n.a. 0 0 0 0 0 

Jumping CI 1 0 0 0 0 0 1 1 0 

Biting CI 0 n.a. 0 0 0 n.a. 0 0 0 

Chasing CI 0 n.a. 0 0 0 0 1 0 0 

Fin injuries  EP 3 1 1 5 4 1 3 2 3 

Skin wounds EP 1 1 0 3 1 0 0 1 0 

Fungal infections CI n.a. n.a. 1 1 0 0 0 0 0 

Snout wounds EP 1 1 0 2 0 1 1 1 1 

Emaciation CI 0 n.a. n.a. 0 0 n.a. 0 n.a. 0 

Color (very light or dark fish compared to the rest of the stock) CI 0 n.a. n.a. 1 0 n.a. 0 n.a. 1 

Dead fish CI 1 1 1 1 1 1 0 0 0 

*Assessment type: EP = estimated percentage of fish in a tank showing a certain behavior or external damage (EP 0 = not observed, EP 1 = ~12.5 %, EP 2 = ~25 %, EP 3 = ~50 %, EP 4 = ~ 75 %, 
EP 5 = ~ 100 %); CI = counted behavior or external damage of individual fish. n.a. = not assessed due to low visibility in the tank. 
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Table III-3 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ƌs) and significance level of correlations between 
behavior, environmental, and management parameters. 

  
Activity level 

Fish close beneath 
the surface 

Crowding 

Water supply [L/s] .162* -.205** -.079 
Water supply per kg fish [L/h] -.405** -.691** -.495** 

Average stocking density [kg/m³] .766** .918** .871** 

Feeding frequency [times per day] .516** .535** .225** 

Activity level [0–5] - .740** .645** 
Fish closely beneath the surface [EP] .740** - .904** 
Crowding [0–5] .645** .904** - 
 **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 

Interobserver reliability 

The interobserver reliability results derived from the three independent observers for the behavior 

and health observation conducted per farm are presented in Table III-4. The number of indicators 

(effective subject) measured differed due to water clarity in the tanks.  

Table III-4 Fleiss-Kappa overall agreement of three independent oďseƌǀeƌs͛ behavior and health 
observations per farm. 

Farm Kappa 

Asymptotic 
Asymptotic 95 % Confidence 

Interval Effective 

subjects 

Strength of 

Agreement* Standard 

error 
z Sig. 

Lower 

Bound 

Upper 

Bound 

1 .655 .082 7.968 .000 .494 .816 20 Substantial 

2 .798 .218 3.657 .000 .370 1.226 7 Substantial 

3 .535 .129 4.156 .000 .283 .787 12 Moderate 

4 .416 .079 5.261 .000 .261 .571 14 Moderate 

5 .604 .081 7.433 .000 .445 .764 22 Moderate 

6 .731 .129 5.657 .000 .478 .985 12 Substantial 

7 .454 .081 5.629 .000 .296 .613 17 Moderate 

8 .687 .114 6.021 .000 .463 .910 14 Substantial 

9 .793 .088 9.033 .000 .621 .965 22 Substantial 

*According to Landis and Koch (1977).  

3.3 External morphological damage 

The prevalence and percentage of severity grades (SG 0–SG 3) per external morphological indicator 

of all fish across nine farms (n = 270) are shown in Figure III-1. The differences in external damage 

between farms were significant and are presented in Weirup et al. (2021, 2022/Chapter I, II). 
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Figure III-1 External morphological damage of all fish across nine farms (n = 270) and the percentage 
of severity grade (SG) SG 0 (no damage) to SG 3 (severe damage).  

Major impacts on total external damage were detected using PCA, and stepwise multiple linear 

regression. The management component (water supply, water supply per kg of fish, duration of a 

total water exchange in the tank), followed by the water quality component (ammonia, nitrite and 

pH) and the activity level of the fish stock had the strongest impact on the occurrence of external 

damage (Table III-5). Using stepwise multiple linear regression, the model explained 63 % (R² = .633, 

adjusted R² = .628) of the variance in total external damage. 

Table III-5 The influence of environmental and management parameters, behavior, and condition 
factor on external morphological damage using stepwise multiple linear regression (n = 270). 

Dependent Variable: External morphological damage [total]. 

 

 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

Model 2 B Std. Error Beta 

(Constant) 5.991 .551  10.873 .000 

Duration of a total water exchange 

[h]*Water supply [L/s]*Water supply per 

kg fish [L/h] 

-4.123 .246 -.826 -16.773 .000 

pH*Ammonia [mg/L]*Nitrite [mg/L] -2.228 .252 -.434 -8.847 .000 

Activity level [0–5] 1.957 .221 .357 8.849 .000 
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External damage and environmental and management parameters were highly correlated and are 

presented in Table III-6. 

Table III-6 “peaƌŵaŶ͛s ƌho ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ƌs) and significance level of correlations between 
external morphological damage, environmental, and management parameters across all farms (n = 
270). 

 

Duration of a total water 

exchange in the tank 

 [h] 

Water supply 

[L/s] 

Water supply 

per kg fish 

[L/h] 

Average stocking 

density  

[kg/m³] 

Fin injury [total] .489** -.426** -.588** .454** 

Skin hemorrhages .151* -.102 .035 .052 

Snout damage .094 -.099 -.264** .420** 

Exophthalmia .125 -.117 -.267** .290** 

Cataract .288** -.239** -.347** .340** 

Operculum shortage .127* -.173** -.200** .000 

**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 

Comparison of external damage observation of the fish stock and assessment of individual fish 

To examine if the observations of external damage of the whole fish stock made by three 

independent observers were in accordance with external damage measured of individual fish (n = 

30), correlation of dorsal, caudal, and pectoral fins, skin wounds, and snout damage above SG 1 

(severity grades < 2 of the fish stock were difficult to determine) was analyzed, showing a strong 

linear relationship of R² = 0.826. The fish from Farm 2 were excluded from this calculation as the 

visibility in the tank was too low to assess a majority of the indicators.  

3.4 The fish welfare evaluation index (fWEI)  

Environmental, management and behavioral parameters were limited regarding their reliability 

and/or practicability (see discussion). The fWEI was hence solely based on, the practicably and 

reliably assessable, external morphological damage. Indirectly, however, environmental, 

management, and behavioral parameters were included in the fWEI because external morphological 

damage reflected suboptimal rearing conditions. Further, external morphological damage reflected 

stress and health parameters (Weirup et al., 2021, 2022). In Weirup et al. (2021) fin damage was 

observed to be highly correlated to scale cortisol, an indicator for long-term stress (Weirup et al., 

2021). Skin hemorrhages occurred in relation to histopathological findings in the head kidney, and 

spleen, thereby indicating an inflammatory response and the activation of the immune system 

(Weirup et al., 2022). The gills showed mostly a normal patho-anatomical appearance. The 

operculum shortage was only of minor severity. Histopathological findings of the gills were not 

noticeably different in farms with a higher prevalence of operculum shortage (Weirup et al., 2022). 

Emaciation occurred rarely and only to a small extent on the farms but showed a negative correlation 

with the coŶditioŶ faĐtoƌ ;ρ = − 0.260, P < .000, n = 270). Analyzing fish with a condition factor below 

oŶe shoǁed aŶ eǀeŶ higheƌ ĐoƌƌelatioŶ ĐoeffiĐieŶt ;ρ = − 0.463, P < .026, n = 23).  

Application of the fWEI 

The fWEI presents a simple and rapid tool in terms of applicability, time, material, and cost. Farmers 

can apply the fWEI regularly within the scope of the legally required self-monitoring (Sec. 11 (8) 
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German Animal Welfare Act), as can veterinarians who conduct regular disease controls on farms. As 

the fWEI provides comparable results between farms, the index can also be applied by certification 

and monitoring programs. However, the index is explicitly not intended to exempt farmers from daily 

behavioral checks, or regular controls of the water quality or organ health of fish during slaughter. 

Further, the index explicitly cannot replace a comprehensive veterinary inspection of the farm or 

disease/health controls. 

A sample size of 30 fish per tank, and for evaluating the welfare of fish from different tanks on one 

farm, a sample size of 100 fish is recommended. A template of the fWEI for 30 and 100 fish is 

provided as a Microsoft Excel table. The fWEI can be applied, for instance, during the slaughtering 

process. As it is a non-invasive assessment, the fish can be further processed and marketed upon 

completion of the evaluation. With a little experience, the assessment time per fish usually takes less 

than 1 minute and should be studied and practiced in a workshop prior to implementing it in 

practice. 

No material is required apart from the fWEI Excel template (Table III-8) and the photographic images 

with different severity grades of external damage. Table III-7 gives an overview of the applied 

indicators and severity grades (for consistency, all are adapted from SG 0 to SG 3), the source of the 

photographic images and the deviations from the original descriptions, and the influence of selected 

indicators on welfare and their potential causes.  

The severity grades of external damage are recorded for each individual fish, entered in the Excel 

table, and automatically added up. Some indicators receive an additional weighting (Tables III-7 and 

III-8) to sort fish with severe damage/moderate damage with severe impact on welfare into fWEI 

categories of lower welfare. The weighted sum of the damage per fish is automatically categorized 

into very good (fWEI category 0 = 0–5), good to moderate (fWEI category 1 = 6–10), moderate to 

poor (fWEI category 2 = 11–15), and poor (fWEI category 3 = > 15) welfare. The percentage of fish in 

the respective category is presented as an output. In addition to the final rating, the Excel table 

shows how many fish are affected per indicator to more easily classify the potential problems on the 

farm. If the index shows results indicating restricted welfare, further examinations, measures, and 

adjustments must follow to determine and remedy the causes of the welfare impairments (if 

required e.g., water quality adjustments, increases in the water supply or ventilation rate, health 

checks by veterinarians).  

In addition to the fWEI the Excel document (which can be requested from the authors), includes the 

photographic images, and information on the causes and impacts of the chosen indicators on 

welfare. As additional tool to the fWEI also the behavior and health protocol is provided. 
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Table III-7 Welfare indicators used in the fish welfare evaluation index (fWEI) with severity grade, assessment, weighting, potential cause and influence of 
indicators on welfare.  

Indicator 
group 

Welfare 
indicator  

Severity 
grade 
(SG)* 

Assessment by photographic images Weighting** Potential cause and influence of indicators on welfare*** 

Eyes 

Exophthalmia 
Left/ 
right 

0/2/3 

According to Noble et al. (2020). In case of 
percussive stunning, exophthalmia needs to 
be assessed in advance (only if possible in a 
welfare-friendly manner) or needs to be 
excluded. 

8 points added 
for both eyes 

SG 3. 
 

Exophthalmia describes the protrusion of the eye and is considered a non-specific sign of 
disease, e.g., caused by infections (Romalde et al., 2008), cardiovascular diseases (Tørud 
et al., 2006), or osmoregulatory disorders, gas bubble disease, or trauma (Jurk, 2002; 
Gültepe et al., 2011) and must thus always be taken seriously and investigated further 
(Koppang and Bjerk, 2006; Noble et al., 2020).  

Eye loss/loss 
of function 

Left/ 
right 

0/3 
 

Severe damage to the eyes including eye loss can potentially occur mechanically during 
handling (fishing, sorting, weighing) or crowding (Noble et al., 2012). 

Cataract 
Left/ 
right 

0/1/2/3 

Cataract scoring was adapted from SG 0–4 in 
Noble et al. (2020; photos reproduced from 
Bass and Wall, Undated) to SG 0–3 as follows: 
SG 0 = SG 0; SG 1 = SG 1; SG 2 and SG 3 = SG 
2; SG 4 = SG 3. 

A cataract, i.e., a clouding of the lens, can lead to impaired vision or blindness. This in 
turn reduces the possibility of finding food or avoiding potential dangers (Noble et al., 
2012). In connection with cataracts, there was also an increased susceptibility to 
secondary diseases and increased mortality compared to healthy fish (Pettersen et al., 
2014; Noble et al., 2020). Causes include repeated stress (Bjerkås and Sveier, 2004), 
nutrient deficiency (Breck et al., 2003, 2005; Waagbø et al., 2003, 2010; Bjerkås and 
Sveier, 2004), water temperature fluctuations (Bjerkås et al., 2001; Remø et al., 2017), 
the influence of carbon dioxide (Neves and Brown, 2015), osmotic imbalance, oxidative 
stress on the lens fiber, parasitic infections of the eye, ultraviolet radiation, toxic factors, 
genetic predisposition, and rapid growth (Bjerkås and Sveier, 2004). 

Deformities 
Operculum 

shortage 
Left/ 
right 

0/1/2/3 According to Noble et al. (2020). 
8 points added 

for SG 3. 

The operculum plays an important role in breathing as it helps to pump water through 
the gills. Breathing efficiency can be increased by moving the operculum faster (Ferguson 
and Speare, 2006). Additionally, the operculum protects the gills against mechanical 
damage and infections (Branson, 2008; Rodger et al., 2011; Pettersen et al., 2014). 
Operculum damage can be associated with an increased disease susceptibility and 
mortality rate (Eriksen et al., 2007). Shortening of the operculum can occur in the early 
stages of life due to suboptimal environmental conditions (e.g., high temperatures), 
nutrient deficiencies (Eriksen et al., 2007), or genetic dispositions (Southgate, 2006). 
Another hypothesis is that there is damage from competitive behavior during feeding 
(Noble et al., 2020). 

Gills 
 

Left/ 
right 

0/2/3 
 

6 points added 
for sum 4 or 5 
of both sides. 

8 points added 
for both sides 

SG 3. 

Gill health is essential for the uptake and excretion of substances and the maintenance of 
the osmotic balance (Farrell et al., 2006). Parasites, viruses, bacteria, or poor water 
quality can damage the gills and lead to stress and – in severe cases – to mortality 
(Huntingford et al., 2006; Rodger et al., 2011). Fish with damaged gills spread their 
operculum and in the advanced stage show shortness of breath, which is manifested by 
standing on the surface or in the water inlet with an open mouth and/or an increased 
ventilation rate (Mitchell and Rodger, 2011). 
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Indicator 
group 

Welfare 
indicator  

Severity 
grade 
(SG)* 

Assessment by photographic images Weighting** Potential cause and influence of indicators on welfare*** 

Skin 

Hemorrhages 
 

0/1/2/3 

According to Noble et al. (2020) with a 
slightly different description: SG 1 = minor 
skin hemorrhages; SG 2 = skin hemorrhages; 
SG 3 = severe skin hemorrhages. 

6 points added 
for SG 2. 

8 points added 
for SG 3. 

As a result of wounds, osmoregulation and welfare can be significantly impaired (Noble et 
al. 2012, 2020). Collisions with other fish or abrasion on tank walls, aggression, 
competitive behavior, and handling can lead to hemorrhages of the skin or skin wounds 
(Noble et al., 2012, 2020; Stien et al., 2013), which may be infested with secondary 
infections (e.g., fungal infections). Furthermore, skin hemorrhages or wounds can be 
caused by predator attacks, parasites, or by viral or bacterial infections such as e.g., 
furunculosis (pathogen Aeromonas salmonicida spp. salmonicida; Bruno et al., 2013) or 
the Strawberry Disease (Ferguson et al., 2006). 

Wounds 
 

0/1/2/3 

According to Noble et al. (2020) with a 
slightly different description: SG 1 = minor 
skin wounds; SG 2 = skin wounds; SG 3 = 
deeper or extensive skin wounds, potentially 
with fungal infections. 

6 points added 
for SG 2. 

8 points added 
for SG 3. 

Snout wouds 
 

0/1/2/3 
According to Noble et al. (2020), with a 
photographic image from Stien et al. (2020) 
for SG 3. 

8 points added 
for SG 3. 

Snout wounds can be caused by handling, collisions with other individuals, or tank walls 
(Noble et al., 2020), due to high stocking densities, crowding, or due to escape behavior. 
According to farmers (personal communication), feeding from the tank concrete bottoms 
can also potentially cause damage to the snout. 

Fins 

Dorsal 
 

0/1/2/3 
Fin scoring was adapted from SG 0–5 in Hoyle 
et al. (2007) to SG 0–3 as follows: SG 1 
(dorsal, pectoral) and SG 2 (caudal) = SG 1; 
SG 2 (pectoral) and SG 3 (dorsal, caudal) = SG 
2; SG 4 (dorsal, caudal, pectoral) and SG 5 
(dorsal, caudal, pectoral) = SG 3. 

 

The effects of fin injuries on welfare depend on the severity, type, and the number of 
injured fins, as these can significantly affect swimming ability, increase energy 
requirements, and thus reduce growth, increase susceptibility to infections, and can even 
lead to mortality (Latremouille, 2003; Ellis et al., 2008; Noble et al., 2012). Because fins 
consist of nociceptive tissue, injuries can also cause a potential sensation of pain and/or 
discomfort (Roques et al., 2010; Sneddon, 2015; Koll et al., 2019). Fin damage is mostly 
multifactorial and results from abrasion on other fish and tank walls, accidental or 
aggressive biting (particularly affecting dorsal and caudal fins), high stocking densities, 
unsuitable feeding management, insufficient water supply, and quality, unsuitable 
currents/velocity, and stress (Bosakowski and Wagner, 1995; Moutou et al., 1998; 
Winfree et al., 1998; Ellis et al., 2002; Turnbull et al., 2005; Noble et al., 2012, 2020; 
Weirup et al., 2021/Chapter I). Fin damage can also be restricted in its healing process or 
intensified in its severity due to secondary infections (Turnbull et al., 1996; Andrews et 
al., 2015).  

Caudal 
 

0/1/2/3 
8 points added 

for SG 3. 

Pectoral 
Left/ 
right 

0/1/2/3  

Nutritional 
state 

Emaciation 
 

0/1/2/3 
According to Noble et al. (2020), with 
photographic images from Stien et al. (2020) 
for SG 2 and SG 3. 

6 points added 
for SG 2. 

8 points added 
for SG 3. 

Causes of emaciation are disease, stress, and nutritional deficits due to poor feed 
management and/or a low social rank (Stephen and Ribble, 1995; Huntingford et al., 
2006). Emaciated fish are also more susceptible to infections (Stien et al., 2013). 
Emaciated fish are often seen on the surface or on the edges of the tank.  

*SG 0 = no damage, SG 1 = minor damage, SG 2 = moderate damage, SG 3 = severe damage. ** To categorize fish with severe damage/moderate damage with severe impact on welfare into 
fWEI categories of lower welfare. ***Causes and effects of indicators on welfare can be viewed in detail in Noble et al. (2012, 2020). 
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Table III-8 Fish welfare evaluation index (fWEI) as an Excel template for 30 fish. 
 

Fish number [F]

F 01 F 02 F 03 F 04 F 05 F 06 F 07 F 08 F 09 F 10 F 11 F 12 F 13 F 14 F 15 F 16 F 17 F 18 F 19 F 20 F 21 F 22 F 23 F 24 F 25 F 26 F 27 F 28 F 29 F 30

SG0=no damage  

SG1=minor d. 

SG2=moderate d. 

SG3=severe d.

SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG SG

left 0/2/3 0 0

right 0/2/3 0 0

left 0/3 0 0

right 0/3 0 0

left 0/1/2/3 0 0

right 0/1/2/3 0 0

Deformities Operculum shortage 0/1/2/3 0 0

left 0/2/3 0 0

right 0/2/3 0 0

Skin hemorrhages 0/1/2/3 0 0

Skin wounds 0/1/2/3 0 0

Snout wounds 0/1/2/3 0 0

Dorsal fin damage 0/1/2/3 0 0

Caudal fin damage 0/1/2/3 0 0

left 0/1/2/3 0 0

right 0/1/2/3 0 0

Nutritional state Emaciation 0/1/2/3 0 0

Sum of external morphological damage per fish:

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum of external morphological damage total = 0 Mean of external morphological  damage total = 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum of weighted external morphological damage per fish:

F 01 F 02 F 03 F 04 F 05 F 06 F 07 F 08 F 09 F 10 F 11 F 12 F 13 F 14 F 15 F 16 F 17 F 18 F 19 F 20 F 21 F 22 F 23 F 24 F 25 F 26 F 27 F 28 F 29 F 30

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum of weighted external morphological damage total = 0 Mean of weighted external morphological damage total = 0

with

0 Fish or 0 % of fish with their total external morphological damage in category 0: 0 to 5 

0 Fish or 0 % of fish with their total external morphological damage in category 1: 6 to 10

0 Fish or 0 % of fish with their total external morphological damage in category 2: 11 to 15

0 Fish or 0 % of fish with their total external morphological damage in category 3: > 15

Category 0: less than/equal to 5 corresponds to very good fish welfare

Category 1: above 5 and less than/equal to 10 corresponds to good to moderate fish welfare

Category 2: above 10 and less than/equal to 15 corresponds to moderate to poor fish welfare

Category 3: above 15 corresponds to poor fish welfare

Skin

Fins

Pectoral fin damage

Weighting of indicators (6 points)

Weighting of indicators (8 points)

Eyes

Exopthalmia

Eye loss/loss of function

Cataract

Gills Gill damage

Indicator group Welfare indicator
Severity grade 

(SG)
Number of 

fish 

affected 

per 

indicator 

Number of 

examined 

fish

The color gradient shows a 
comparison between the 

fish, or indicators, from light 
blue/comparatively low, to 

dark blue/comparatively high

The lower the values, 

the better the welfare! 
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3.5 Fish welfare evaluation index (fWEI) results between farms 

The results of the fWEI of the nine farms (n = 30/farm) are shown in Figure III-2, representing the 

four categories of very good (fWEI category 0 = 0–5), good to moderate (fWEI category 1 = 6–10), 

moderate to poor (fWEI category 2 = 11–15) and poor welfare (fWEI category 3 = > 15) as shown in 

detail in Table III-9. Figures III-3 and III-4 show the output of the fWEI, presenting the percentage of 

fish affected per indicator and the severity grade, exemplary for Farm 4 and Farm 6.  

           

                   

Figure III-2 Results of the fish welfare evaluation index (fWEI) for 30 fish per farm. The sum of the 
damage per fish was assessed and allocated into very good (fWEI category 0 = 0–5), good to 
moderate (fWEI category 1 = 6–10), moderate to poor (fWEI category 2 = 11–15), and poor welfare 
(fWEI category 3 = > 15). The fWEI results above 80 % of fish in Category 0 are indicated in green. 
Between 20–40 % of fish in Category 0, and above 45 % of fish in Category 1 are indicated in yellow. 
Less than 15 % of fish in Category 0, and more than 20 % of fish in Category 2 and/or Category 3 are 
indicated in orange. Boxplots display 50 % of the observations and the lower and upper quartile with 
the median (black line) while whiskers show the range of data and the extent to the most extreme 
observation. Open circles present outliers and stars extreme values. Significant differences between 
farms are represented by different letters. 
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Table III-9 Results of the fish welfare evaluation index (fWEI) per category of 30 fish per farm, 
presented in absolute values (number of fish per fWEI category) and percent (percentage of fish per 
fWEI category). 

 

fWEI Category*  

Farm 0 [0–5] 1 [6–10] 2 [11–15] 3 [> 15] 

1 4 10 8 8 

 

13 % 33 % 27 % 27 % 

2 12 14 3 1 

 

40 % 47 % 10 % 3 % 

3 29 1 0 0 

 

97 % 3 % 0 % 0 % 

4 3 16 4 7 

 

10 % 53 % 14 % 23 % 

5 7 22 0 1 

 

24 % 73 % 0 % 3 % 

6 28 0 2 0 

 

93 % 0 % 7 % 0 % 

7 25 5 0 0 

 

83 % 17 % 0 % 0 % 

8 7 16 3 4 

  23 % 53 % 11 % 13 % 

9 10 18 2 0 

 33 % 60 % 7 % 0 % 

*fWEI category 0 = very good welfare; fWEI category 1 = good to moderate welfare; fWEI category 2 = moderate to poor 
welfare; fWEI category 3 = poor welfare. 
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Figure III-3 Photographic image: Exemplary fish with eye-, snout-, skin- and fin damage from Farm 4, 
where only 10 % of fish showed very good welfare, as evaluated by the fish welfare evaluation index 
(fWEI). Photographic image © L. Weirup. Graph: Output of the fWEI showing the percentage of 
affected fish per indicator and severity grade (n = 30). The percentage of severity grade (SG) SG 1 
(minor damage) to SG 3 (severe damage) per indicator is shown. 

               

Figure III-4 Photographic image: Exemplary fish with no external damage from Farm 6, where 93 % of 
fish showed very good welfare, as evaluated by the fish welfare evaluation index (fWEI). 
Photographic image © L. Weirup. Graph: Output of the fWEI showing the percentage of affected fish 
per indicator and severity grade (n = 30). The percentage of severity grade (SG) SG 1 (minor damage) 
to SG 3 (severe damage) per indicator is shown. 
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4. Discussion  

4.1 Welfare evaluation based on external damage  

Due to a limited reliability and/or practicability of environmental, management and behavioral 

parameters the fWEI was solely based on external morphological damage. The project findings 

demonstrated external damage to be a result of direct and indirect effects of suboptimal rearing 

conditions, also supported by the assessed stress and health parameters (Weirup et al., 2021, 

2022/Chapter I, II). External damage combines effects on welfare from the damage itself, which can 

potentially cause pain and discomfort (Sneddon, 2015) and by the cause of the damage within the 

rearing environment. External damage hence proved to be relevant outcome indicators that provide 

the maximum informative value on welfare. The Royal Society for the Prevention of Cruelty to 

Animals (RSPCA, 2020) stated that assessing the outcomes is the most meaningful method to 

determine fish welfare in aquaculture systems. Folkedal et al. (2016, p. 145) described the welfare 

indicators of individual fish as ͞the most significant contributor for the best and worst͟ difference in 

Atlantic salmon welfare between net cages.  

External damage was not assessed regularly nor according to a certain scheme on farms and some 

farmers also lacked knowledge on the development and impact of certain indicators on fish welfare. 

The assessment of external damage thus comprises a promising approach to point out welfare 

deficiencies to farmers and to provide them with the possibility to improve welfare on their farms.  

Determining external damage by using photographic images with different severity grades proved to 

be very practicable and reliable for the use of comparable welfare assessments between farms. 

Among others, Hoyle et al. (2007) and Gutierrez Rabadan et al. (2021) demonstrated the use of 

photographic images for the assessment of external damage of fish as a reliable method. It is also a 

commonly applied method in international monitoring programs e.g., on fish diseases (OSPAR, 2005; 

Lang and Wosniok, 2008; ICES, 2015; Lang et al., 2016) and in livestock farming (KTBL, 2020; Welfare 

Quality Network, 2019). Generally, for all welfare indices it is recommended to assess external 

damage using pictures that include degrees of severity instead of simply estimating minor to severe 

damage, as this can be very vague and subjective. Nevertheless, inconsistencies between observers 

are possible (Pfeifer et al., 2019), and thus to optimize the reliability of assessing external damage on 

farms, practical and theoretical exercises should be conducted, especially when the assessments are 

applied in certifying or monitoring programs.  

For a welfare evaluation index to solely focus on external damage has the advantage of time 

efficiency and the continuous availability of data, as external damage can be assessed by externals, 

iŶdepeŶdeŶtlǇ of faƌŵeƌs͛ stateŵeŶts oƌ the aĐĐess aŶd ǀisiďilitǇ of the taŶks.  

Challenges of applying environmental and management indicators in welfare indices  

The environmental and management conditions on farms are highly diverse and also often variable 

over time. Overall, this project demonstrated that a higher water supply and faster total water 

exchange, together with a low or moderate stocking density promoted the best welfare for rainbow 

trout (Weirup et al., 2021, 2022/Chapter I, II). However, it was difficult to define clear ranges for 

welfare evaluation, as the effects on trout welfare result from a combined effect of different 

environmental and management parameters. The difficulties in defining ranges e.g., for stocking 
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density within welfare indices become notable from the studies conducted on pike perch (Tschirren 

et al., 2021: 0–30 kg/m3.5, 30–50 kg/m³, and 50–80 kg/m³; Müller-Belecke, 2019: 3–50 kg/m³, 50–80 

kg/m³, 80–110 kg/m³, < 3 or > 110 kg/m³).  

Despite the largely optimal water quality parameters, the fish on the studied farms differed 

significantly in terms of the prevalence and severity of external damage and in their health and stress 

responses (Weirup et al., 2021, 2022/Chapter I, II). These findings could either indicate that 

environmental and management parameters had the strongest influence on welfare or that non-

assessed water quality parameters (e.g., carbon dioxide, total gas pressure), velocity, or the 

accumulation of certain substances (e.g., bacteria, hormones, pollutants) influenced welfare. Water 

quality is complex, and more aspects than just the standard water quality parameters affect welfare 

(MacIntyre et al., 2008). The fish toxicity levels of parameters above or below the recommendations 

often depend on other parameter concentrations and on the duration of the deviation from the 

recommended parameters (MacIntyre et al., 2008). The farm visits revealed that on most farms, the 

water quality is measured based on need (e.g., depending on weather conditions) or, if regularly, 

only a small number of parameters (e.g., oxygen and temperature) are assessed. While this may be 

sufficient depending on the farm type and management, it presents a challenge for the application of 

a welfare evaluation index. Measuring a small number of water quality parameters, especially just 

once, as is common in welfare indices (e.g., Stien et al., 2012; Tschirren et al., 2021) might mask the 

real welfare state of individual fish. The water quality can be severely affected by outside 

temperatures or feeding, thereby leading to daily fluctuations in, among others, the levels of oxygen, 

pH, and nitrogen compounds (Wagner et al., 1995; Wurts, 2003). To provide valid information on 

welfare, long-term data from various water quality parameters must be included in a welfare 

evaluation index, which is challenged by the fact that measuring water quality requires additional 

time, money, and equipment. To compare water quality between farms, it should also be ensured 

that the time and tank areas for measurement, as well as the method itself, are similar, reliable, and 

valid (MacIntyre et al., 2008).  

Challenges of applying behavior and health observations in welfare indices 

Behavior is one of the most important welfare indicators, and fish should be checked daily or even 

several times a day by farm employees (especially during feeding). This way, marginal deviations in 

ĐoŵpaƌisoŶ to ͞Ŷoƌŵal ďehaǀioƌ͟ that iŶdiĐate, aŵoŶg otheƌs, ĐhaŶges iŶ ǁateƌ ƋualitǇ oƌ the oŶset 
of a disease can be identified as early as possible. However, it is important to note that behavior 

observation could be invalid if applied ďǇ eǆteƌŶs ǁho ŵaǇ Ŷot ďe aďle to ĐlassifǇ ͞Ŷoƌŵal ďehaǀioƌ͟ 
on a farm and hence do not recognize behavioral deviations, especially if these are only minor. 

Further, behavior can potentially just indicate a snapshot (Martins et al., 2012), as it can be 

influenced by weather conditions, water supply, stocking density, handling, sorting, or feeding. 

Behavioral observations can be difficult to quantify, and hence the observers need adequate training 

and skills (Martins et al., 2012). Although the interobserver reliability in this study was quite high, the 

number of assessable indicators differed significantly between farms. In some cases, the turbidity of 

the water and the reflection of sunlight on the water surface made it difficult to determine behavior 

and external damage based on observation from outside the tank. Furthermore, as many behaviors 

were not shown, the interobserver reliability is not known for these indicators. It was also not 
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possible to validly determine whether all conspicuous behaviors (e.g., standing close beneath the 

surface, hectic movements) were an indication for impaired welfare.  

These indicators were thus too vague to be incorporated in the fWEI, and more research should be 

conducted on behavioral observations of trout. However, severe welfare impairments such as 

crowding (leading to external morphological damage, stress, and interfering with natural needs of 

space and distance between individuals; Purser and Hart, 1991; Turnbull et al., 2008; Weirup et al., 

2021, 2022/Chapter I, II) are likely to be detected by externs and, provided a clear view into the tank 

is possiďle, oďseƌǀatioŶ of eǆteƌŶal daŵage ĐaŶ giǀe a geŶeƌal iŵpƌessioŶ of the faƌŵ͛s ŵaŶageŵeŶt 
(Noble et al., 2020). Therefore, the application of the provided behavior and health protocol (Table 

III-S1) is recommended (especially for certification and monitoring programs) as an additional tool to 

rule out major welfare impairments on a farm. The use of absolute numbers and estimated 

percentages in the behavior protocol is likely to provide a less subjective evaluation, compared to 

e.g., ĐlassifǇiŶg ďehaǀioƌ fƌoŵ ͞iŶdiǀidual͟ to ͞ŵaŶǇ͟ fish ďeiŶg affeĐted, as applied iŶ TsĐhiƌƌeŶ et al. 
(2021). 

Comparison of the calculations applied in welfare indices  

In the SWIM and adapted versions of it (Stien et al., 2013; Müller-Belecke, 2019), environmental and 

management parameters and the behavior of the fish stock are combined with external damage of 

individual fish to yield a single final welfare score. However, summarizing these indicators bears the 

risk of determining the welfare rather positively, even if the welfare of the individual fish is 

compromised by external damage. In Pedrazzani et al. (2020) and Tschirren et al. (2021), farms are 

evaluated regarding their environment, management, and the behavior and/or nutrition of the fish, 

with fish from some farms showing rather high levels of external damage despite other parameters 

being comparably good. In such a case, the parameters could either have been misinterpreted or the 

parameters assessed were not sufficient to detect potential weak points in the production that lead 

to external damage. Pedrazzani et al. (2020) mentioned that external damage and its causes require 

more attention. It is thus highly recommended for other welfare indices such as SWIM to display the 

results on different indicator groups separately instead of weighting groups against each other to 

calculate a single final value. Furthermore, calculating a mean value of indicator results can also be 

misleading when strong outliers occur, as observed in this study and for instance in Stien et al. 

(2013). The fWEI thus displays the results of individual fish in different welfare categories. 

While some indices weight positive welfare indicator results (regarding their impact on welfare) 

against negative indicator results (Stien et al., 2013; Tschirren et al., 2021), others sum up the 

negative indicator results as applied in this study and in Gutierrez Rabadan et al. (2021). It is difficult 

to determine whether no injuries of the eyes or good water quality can ease the occurrence of, for 

iŶstaŶĐe, seǀeƌe skiŶ iŶjuƌies oŶ ǁelfaƌe. Fƌoŵ the authoƌ͛s ǀieǁpoiŶt, a fish ǁith seǀeƌe iŶjuƌies has 
a decidedly impaired welfare, even if other parameters are considered optimal. Using external 

damage and relative weight of fish as welfare indicators, Gutierrez Rabadan et al. (2021) defined 

categories of different severities. However, when using the index of Gutierrez Rabadan et al. (2021), 

it is possible to obtain a good welfare score (< 3 points) even when fish show high levels of external 

damage (e.g., 2 points of severe skin damage). The fWEI thus uses additional weighting points for 

certain indicators and severities to exclude the possibility of obtaining the very good fWEI category 
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when severe damage/moderate damage with severe impact on welfare occurs. Sample size for 

welfare indices 

The sample sizes applied in welfare indices differ (Stien et al., 2013; Müller-Belecke, 2019; Tschirren 

et al., 2021). For applying the fWEI, a sample size of 30 fish per tank is considered sufficient, since 

independent observer estimations on external damage of the fish stock in the tank correlated 

strongly with the external damage measured directly on the sample of individual fish. As a sample 

size of 30 fish is also recommended for veterinary health checks (Bruno et al., 2013), the assessment 

of external damage could easily be incorporated in such checks. The number of tanks necessary to 

represent the fish welfare of an entire farm could not be determined within the scope of this study. 

In terrestrial livestock farming, a sample size of 100 animals is used to record external damage, for 

instance in the case of laying hens (Welfare Quality Network, 2019). The RSPCA also recommends a 

sample size of 100 fish for assessments (RSPCA, 2020). Whatever sample size is used, the 

presentation of the results of welfare indices must include information on the sample size and 

number of sampled tanks on a farm to give an impression of the representativeness of the data.  

4.2 Early prevention of external damage  

To prevent external damage, welfare indicators are of great importance and need to be monitored 

daily (behavior, mortality) or regularly (organ health, growth indices) at system-specific intervals 

(water quality) and set at appropriate ranges (environmental and management conditions). To 

prevent welfare impairments of any kind in advance it is recommended to follow good aquaculture 

practice guidelines and general recommendations of water quality for rainbow trout (van de Vis et 

al., 2012; CoGP, 2015; VDFF, 2016; MuD, 2017; OIE, 2019; Noble et al., 2020; RSPCA, 2020; Wedekind 

et al., 2020). More research should be conducted to determine the causes behind external damage 

and to support positive experiences/a positive emotional state by improving feed and feeding 

methods, health, appropriate behavior, and the environment (tank structures, self-feeding vents, 

velocity/currents, shadow; Pounder et al., 2016). Although implementation can bear some risks that 

need to be excluded in advance (territorial behavior, impairment of water quality; Näslund and 

Johnsson, 2016), it has been shown that environmental or structural enrichment provides stimulation 

and enhances cognition, exploratory behavior, and brain physiological functions (Arechavala‑Lopez et 

al., 2020), can reduce stress (Pounder et al., 2016; Marcon et al., 2018; Fife-Cook and Franks, 2019), 

and provides positive welfare experiences (Fife-Cook and Franks, 2019). As external damage 

potentially occurs due to stress (Weirup et al., 2021/Chapter I) environmental enrichment (after 

exclusion of potential negative effects) could help to promote the reduction or prevention of 

external damage in rainbow trout. 

5. Conclusion 

Protecting animals (including fish) from unnecessary pain, suffering, and harm is required by 

different (European) legislations, such as the German Animal Welfare Act (§ 1). This makes the 

prevention of welfare impairments through external damage a legal obligation for farmers. A visibly 

degraded external appearance of rainbow trout was shown to indicate both direct and indirect 

effects of suboptimal rearing conditions. The fWEI based on external damage thus provides a tool to 

quickly and easily determine the welfare of rainbow trout. The fWEI should be customized for other 

fish species and the assessment of external damage using photographic images including severity 
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gƌades should ďe aŶ iŶtegƌal paƌt of faƌŵs͛ self-monitoring and should be investigated by 

veterinarians and through certification and monitoring programs. As organ health checks in livestock 

farming are already common practice, the assessment of external damage could be routinely applied 

by fish farms during the slaughtering process. A stronger focus on the assessment of external 

morphological damage, its causes and consequently optimization of rearing conditions will help to 

improve the welfare of fish in aquaculture settings. 
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Chapter III Supplementary material  

Table III-S1 Behavior and health protocol for the observation of rainbow trout. 

 

 

0 % ~12.5 % ~25 % ~50 % ~75 % ~100 %

FiŶ iŶjuries ;*Seǀerity grade Ϯ–ϯͿ
SkiŶ ǁouŶds/heŵorrhages ;*Seǀerity grade Ϯ–ϯͿ
SŶout iŶjuries ;*Seǀerity grade Ϯ–ϯͿ
EŵaciatioŶ ;*Seǀerity grade Ϯ–ϯͿ
Notably light or dark fish compared to the rest of the 

stock 

Mortality Dead fish
Dead fish can occur sporadically and must be considered in relation to the high number of fish in the tank. 

However, if there is an increase in dead fish, corrective actions must be taken immediately. 

Standing at the inlet or the water surface, high ventilation 

rate and/or open mouth 

Standing at the tank sides, separated from the group, high 

ventilation rate, apathetic and/or fins clamed to the body 

No feed intake during feeding 

Loss of balance

Sudden hectic movements

Scrubbing

Jumping
If jumping occurs more than sporadically and there is no other explanation (e.g., insects on the surface), the 

cause must be determined and remedied. 

Biting

Chasing

Fish close beneath the surface with dorsal fins above the 

water

Fish close to the bottom

Crowding from 0 (no crowding) to 3 (severe crowding)

Rainbow trout should not be stocked at densities that conflict with freedom of movement and cause 

unavoidable contact between fish or a preferred distance, as it leads to external damage, stress and 

interferes with natural needs. Severe crowding is indicated by fish that cannot keep a distance to one 

another, fish get in contact with tank walls or are pushed against the drainage gates, erratic swimming 

behavior in different directions with many dorsal fins out of the water, in between possibly laterally 

swimming and lethargic fish (e.g., caused by too strong currents and/or too high stocking densities). 

Crowding conditions needs to be corrected immediately. 

Activity level of the fish 

stock

Activity level from 0 (no activity/apathetic) to 3 (high 

activity)

An activity level of 0 and 3 indicates impaired welfare. Activity level 0 indicates motionless or apathetic 

behavior, e.g., at decreased water quality, high temperatures or diseases (with exception of metabolism and 

movement reduction during winter). A high activity level of 3 can occur e.g., with permanently restless or 

aggressive behavior or crowding. The causes must be clarified and remedied. 

External appearance

Aggression and 

dominance behavior 

Behaviors that indicate impaired welfare can occur sporadically in individual fish and must be considered in 

relation to the high number of fish in the tank. However, if there are several fish showing these behaviors, 

corrective actions must be taken immediately. 

Occasionally fish can bite or chase each other. Continuous chasing and biting of several fish or a "permanent 

high activity" in the tank must be remedied (e.g., adjustment of stocking density or feeding). 

Frequent occurrence of external damage can be caused directly or indirectly by suboptimal environmental 

and management conditions. The causes must be clarified and eliminated. 

Standing close beneath the surface can be triggered e.g., by high stocking densities, but can also be 

associated e.g., with deficits in water quality and should therefore always be clarified. The same accounts for 

fish standing very close to the tank bottom.

Explanation and importance of indicators for fish welfareWelfare Indicator
Number of fish in % (estimated)

Number of 

fish 

(counted)

Crowding and 

activity level 

[0–ϯ]

Distribution of the fish 

stock in the tank 

Signs of impaired  

welfare, e.g., due to 

diseases or inadequate 

water quality  

*Only severity grades 2 and 3 are considered, as severity grade 1 is difficult to determine for the fish stock in the tank.  
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GENERAL DISCUSSION 
 

Since scientific studies reveal fish as sentient beings (Sneddon, 2015), the need arises to accurately 

define and quantify welfare and to apply comparable welfare assessments for fish in aquaculture. 

Rainbow trout are a highly relevant aquaculture species for Germany and the rest of the world (FAO, 

2020; FIZ, 2021); still data on implementable and reliable welfare indicators suitable to be applied in 

welfare indices are scarce. Chapter I (Weirup et al., 2021) and Chapter II (Weirup et al., 2022a) of this 

thesis thus aimed to gain a deeper insight into the impact of the direct and indirect effects of 

different rearing conditions and on-farm indicators to the welfare of rainbow trout kept in flow 

through systems. Chapter III (Weirup et al., 2022b) evaluated the suitability of on-farm welfare 

indicators in order to develop the fish welfare evaluation index (fWEI).  

Suitability of on-farm welfare indicators for welfare evaluation indices 

As presented in Table GD-1, this thesis considered a large variety of on-farm welfare indicators 

regarding their suitability for constituting in a welfare evaluation index for rainbow trout in flow 

through systems. The indicators were differentiated according to the four Welfare Quality® 

pƌiŶĐiples. Fuƌtheƌŵoƌe, iŶdiƌeĐt ǁelfaƌe iŶdiĐatoƌs desĐƌiďe ͞eŶǀiƌoŶŵeŶt-ďased͟ aŶd 
͞ŵaŶageŵeŶt-ďased͟ iŶdiĐatoƌs that affect the fish. Direct animal welfare indicators describe, 

among others, the effects of the indirect indicators, which can be directly assessed in individual fish 

oƌ the eŶtiƌe fish stoĐk ;͞aŶiŵal-ďased͟Ϳ. All iŶdiĐatoƌs pƌeseŶted iŶ Table GD-1 can provide 

important information on welfare and need to be considered by farmers (Noble et al., 2012, 2020). In 

the following, the indicators of the four welfare quality principles and their suitability for welfare 

indices are discussed in more detail. 
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Table GD-1 Indirect and direct on-farm welfare indicators for fish in aquaculture divided according to 

the four Welfare Quality® principles. 

 

Good feeding 

Feed and feeding management can greatly impact fish welfare. The sampled farms provided species 

and age-appropriate feed for rainbow trout, all obtained from major sellers of fish feed, wherefore 

adequate feed quality was assumed. However, on some farms, eye-cataracts were detected among 

the fish. Besides many other potential causes (Bjerkås and Sveier, 2004), cataracts can be induced by 

nutrient deficiencies or rapid growth (Breck et al., 2003, 2005; Waagbø et al., 2003, 2010; Bjerkås 

and Sveier, 2004). The diets applied on the various farms differed with regard to the energy supply 

provided and, consequently, to the growth rates of the fish. The prevention of cataracts should thus 

be further focused on when determining feed compositions, but also concerning the rearing 

conditions and hence other potential causes, as the sampled farm with the most intensive rearing 

conditions regarding water supply and -exchange showed the highest incidence of cataracts (Chapter 

II). Growth also depends on water temperatures and oxygen supply (Noble et al., 2020), which thus 

potentially leads to different growth rates of fish between farms. Growth rate (quantified as e.g., 

Principle 
On-farm fish welfare indicators 

Indirect indicators (environment- and 

management-based) 
Direct indicators (animal-based) 

Good feeding Species and age-appropriate feed, feed 
quality, feeding frequency, feed distribution 
and -availability, starvation periods (e.g., 
before transport and slaughter) 
 
 

Nutritional state (emaciation/fattening), 
condition factor, feed conversion, growth 
rate, even growth of individuals within the 
stock in a tank, appetite, foraging 
behavior, digestion, skeletal health 
(deformities especially during younger life 
stages), eye health (cataracts), fin health, 
liver color 

Good housing Risk assessment, water quality (e.g., 
temperature, pH, oxygen, carbon dioxide, 
nitrogen compounds), hygiene, predator 
control, tank design and structure (e.g., 
dimensions, substrate, resting zones, hiding 
places, shading) light regime, water supply 
and -exchange, currents, and velocity, 
stocking density, freedom of movement 
(space availability, no crowding) 

External appearance (e.g., fin-, skin-, eye-, 
gill damage, deformities, and emaciation), 
health (e.g., organ health, nutritional 
deficiencies, diseases including parasites), 
behavior (e.g., abnormal behaviors, signs 
of illness and stress), growth, mortality 
rate 
 
Diseases can occur despite good housing, 

as they can be carried in e.g., through 

surface water 

Good health Risk assessment, hygiene, regular health 
checks, if applicable medical treatment and 
vaccination, careful handling (e.g., netting, 
pumping, sorting, weighting, stripping, 
transport, stunning, and slaughter), good 
feeding, good housing 

See direct indicators of good housing 

Appropriate 

behavior 
Environmental complexity (tank design 
and -structure), water supply and velocity, 
water quality, stocking density, freedom of 
movement (space availability, no crowding), 
predator control, feeding regime 

Social-, foraging-, exploratory-, swimming 
behavior (e.g., abnormal behaviors, signs 
of illness and stress) 



GENERAL DISCUSSION 

 

 
101 

 

absolute weight gain, relative or percentage weight increase, specific growth rate, and/or thermal 

growth coefficient; Noble et al., 2020) is a group-based indicator that is assessed for the entire fish 

stock in a tank. When taking growth rate into account for welfare indices that are comparable 

between farms, data should be provided on a representative sample and a comparable data 

assessment should be performed over time. However, in practice, weighing and sorting of fish were 

conducted quite irregularly between the surveyed farms. While on-farm deviations in assessed 

growth rates over time can quickly help to identify welfare impairments, a higher or lower growth 

rate assessed on different farms does not automatically imply a positive or negative welfare status 

(Seibel et al., 2022). On the other hand, food withdrawal or emaciation can likely indicate an acute or 

a chronic welfare impairment (Huntingford et al., 2006). Furthermore, large inter-individual variants 

in the growth of fish in a tank can indicate that some fish are underfed, for instance, due to increased 

competition for food (Jobling and Koskela, 1996). When determining uneven growth of fish in a tank 

between farms, it is however necessary to consider the sorting frequency and last sorting of fish. 

Another potential impact on welfare that needs to be considered with regard to good feeding are 

feeding frequencies which may present varying advantages and disadvantages for welfare (Attia et 

al., 2012; Klíma et al., 2018; Noble et al., 2020), and differed significantly between farms (Chapters I 

and III). The feeding frequencies observed on the sampled farms depended on stocking densities and 

water quality. More intensive farms used higher feeding frequencies with smaller feed portions to 

not severely impair water quality. Although feed was widely spread over the tank in all farms, the fish 

from farms with higher feeding frequencies were observed to show a higher prevalence and severity 

of external damage, which was potentially induced by the higher frequency of contact between fish 

during feeding (Linnér and Brännäs, 2001; Chapter I). Based on the findings from this thesis, feeding 

frequencies potentially beneficial with regard to the prevention of external damage could thus lie 

between one and six times a day, although the effect of these was significantly correlated to water 

supply and -exchange, stocking density, and water quality. Intercorrelations of environmental and 

management parameters could also potentially explain the variances observed in different studies 

attempting to determine the most beneficial feeding frequencies (Holm et al., 1990; Klíma et al., 

2018; Noble et al., 2020). Tschirren et al. (2021) set the most optimal feeding interval within their 

welfare index at 5–6 times per day, while in this thesis due to the high intercorrelation of 

environmental and management parameters, no clear ranges could be set. Due to mentioned 

reasons and the reflection of suboptimal feeding management in external damage (Chapters I and 

III), only external damage including emaciation as indicators of good feeding were implemented in 

the fWEI. Fattening was not considered a relevant welfare problem of rainbow trout on farms. For 

the suitability of behavioral indicators regarding feeding for welfare indices see section ͞Appropriate 

behavior͟. 

Good housing 

All farmers had risk assessment and hygiene protocols in place, but housing conditions varied 

considerably between farms for the indicators presented in Table GD-1. While Chapters I–III describe 

the high impact of rearing conditions on welfare, it was still difficult to define clear ranges for the 

welfare index, as effects on welfare resulted from a combined effect of different environmental and 

management parameters which are also often variable over time. In addition to parameters such as 

water supply and stocking density, many other indicators determine what is considered good housing 
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and the welfare of fish that are very farm-specific, such as tank dimensions and structures, predator 

defense, and type and frequency of feeding and handling.  

Welfare evaluation indices need to be practicable. While for instance in the ͞“almon Welfare Index 

Model͟ (SWIM, Stien et al., 2013) and MyFishCheck (Tschirren et al., 2021) water current/velocity is 

applied, none of the farmers participating in the studies outlined in this thesis could provide 

information on their tank-specific water current/velocity. In flow through systems, the water supply, 

and consequently the water velocity, often depend on the tank design and availability of surface 

water and are hence significantly influenced by rainfall and season. To obtain valid information on 

velocity, it would thus need to be measured regularly. The same requirement pertains to the water 

quality which was not regularly – and only to a small extent – assessed by farms. Long-term data 

from various water quality parameters should be included in a welfare evaluation index to identify 

detrimental fluctuations of water quality and thereby provide valid information on welfare. However, 

measuring water quality requires additional time, finances, and equipment, which makes it 

questionable if the water quality will be assessed more frequently by farmers in the future. Routinely 

measuring water quality for the use of welfare indices could be more practicable for RAS systems, 

where water quality is usually measured regularly, or it could be made mandatory for certification 

purposes. Limits instead of setting different ranges might also be more suitable for certain indicators, 

e.g., as applied for stocking density in different countries (Norway, Stien et al., 2013; Switzerland, 

Tschirren et al., 2021). Certification bodies could, for example, set limits for the stocking density such 

as those applied in ecological farms (Naturland, 2021). For the use of health and behavioral 

indicators for welfare indices with regard to good housing see seĐtioŶ ͞Good health͟ and section 

͞Appropriate behavior͟. 

Good health 

Health comprises a significant part of welfare and the prevention and early detection of diseases are 

of high relevance. Farms all used risk assessment and hygiene protocols to prevent the spread of 

diseases, and fish on farms received regular health checks by veterinarians or a qualified service. 

Farmers can often detect diseases by behavioral inspections, inspections of the external and internal 

appearance of fish, and/or increases in mortality rates. Health checks by veterinarians or a qualified 

service include visual inspections, to post-mortem and laboratory analyses. Early diagnosis can 

prevent an outbreak and subsequent welfare impairment of the fish stock. While common welfare 

indicators within welfare indices can give a good perspective on fish welfare, they are not intended 

to replace health inspections and disease control, including organ checks. Welfare indices can 

however support the timely detection or prevention of diseases. Early signs of welfare impairment 

and stress, including changes in the external appearance of fish, can provide valuable information on 

the health status of fish (Chapter II). Skin hemorrhages and -wounds for instance, detectable by the 

fWEI and other welfare indices (Stien et al., 2013; Gutierrez Rabadan et al., 2021; Tschirren et al., 

2021), can be an indication for diseases such as furunculosis (Bruno et al., 2013) and should further 

be examined by veterinarians.  

Mortality rates or documentations of mortalities are applied in welfare indices (Stien et al., 2013; 

Müller-Belecke, 2019; Tschirren et al., 2021). Mortality is a central welfare indicator and, if not 

already required by law, the daily assessment of mortalities should be an integral part of farm 

management and required for certification, to detect increases early on. Due to the large numbers of 
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fish reared in a tank, the occurrence of dead individuals is often unavoidable. While an increase in 

mortality is a clear sign of welfare impairments and a threat to the welfare of the whole fish stock, a 

low mortality rate is not necessarily an indication of good welfare, as welfare can be impaired long 

before mortality occurs or without leading to mortality (Ellis et al., 2012). Due to the questionable 

significance of a low mortality rate for determining welfare and the dependence on the farmers for 

the provision of these data, the mortality rate was not included in the fWEI. 

It is important to consider that disease outbreaks and consequently, high mortality rates can occur 

despite good housing, as pathogens can enter the system through surface water, among others. Such 

occurrences hence will not reflect the common welfare of fish influenced by environmental and 

management conditions applied on a farm. For the use of behavioral health indicators for welfare 

indices see section ͞Appropriate behavior͟. 

Appropriate behavior 

Behavior is one of the most essential welfare indicators and fish should be checked daily or even 

several times a day by farm employees (especially during feeding). In this way, marginal deviations in 

ĐoŵpaƌisoŶ to ͞Ŷoƌŵal ďehaǀioƌ͟ iŶdiĐatiŶg, aŵoŶg otheƌs, ĐhaŶges iŶ ǁateƌ ƋualitǇ, appetite, oƌ the 
onset of a disease can be identified as early as possible. Changes in behavior have been linked to 

acute and chronic stressors (Martins et al., 2012), but could be overlooked by externals assessing 

welfare, since external observers may not be able to judge ͞Ŷoƌŵal ďehaǀioƌ͟ oŶ a faƌŵ aŶd heŶĐe 
not recognize behavioral deviations, especially if these are only minor. For instance, fish standing at 

the ǁateƌ iŶlet Đould siŵplǇ ďe displaǇiŶg a ƌegulaƌ ͞staŶdiŶg iŶ the ĐuƌƌeŶt͟ ďehaǀioƌ. Hoǁeǀeƌ, if 
this behavior does not typically occur, it can be an indication of a reduced water quality or impaired 

gill health (MacIntyre et al., 2008). Behavioral responses can further reflect coping styles contributing 

to welfare while other behaviors can be abnormal or maladaptive with differences often being 

unclear (Martins et al., 2012). Behavioral styles can be categorized into bold (proactive/high 

responding) and shy (reactive/low responding). Rainbow trout were shown to respond differently 

with regard to their environment or their food-seeking behavior (Schjolden et al., 2005; Ruiz-Gomez 

et al., 2011), with high responding trout showing higher cortisol levels in response to stressors (Ruiz-

Gomez et al., 2008). Considerable individual differences between fish thus make it even more 

difficult to determine group behavior (Martins et al., 2012). While the reliability of behavioral 

observations of terrestrial animals is already challenging (Bokkers et al., 2012), it becomes especially 

difficult when observing fish underwater, as a clear view of the fish can be severely impaired by 

turbidity and weather conditions. Many behavioral indicators are also difficult to quantify and 

require skilled observers to make a valid assessment. While highly relevant for on-farm self-

monitoring, behavioral observations are thus diagnostically less conclusive for welfare indices. 

Instead of including behavioral indicators in the fWEI, the application of the provided behavior and 

health protocol (Chapter III) is recommended as an additional tool, especially for certification and 

monitoring programs to rule out major fish welfare impairments on a farm. As discussed in Chapter 

III, behavior can potentially be interpreted incorrectly and since behavior was also reflected in the 

outer appearance of fish, external damage was considered to be more suitable than behavior for the 

fWEI. 

As described in Chapters I–III, external damage reflected the indirect and direct effects of 

environmental and management conditions on farms and hence can serve as relevant outcome 



GENERAL DISCUSSION 

 

 
104 

 

indicators in welfare indices. Stien et al. (2020) indicated that rearing conditions are expected to be 

fulfilling and do not markedly impact welfare when fish look good, have good health and growth, and 

display normal behavior. Because of its high relevance, practicability, and reliability, and due to the 

limitations of environmental, management, and behavioral indicators, the fWEI was based solely on 

the evaluation of external damage. In this context, the applied laboratory-based indicators (Chapters 

I and II) made a decisive contribution to the evaluation of external damage, its impact on welfare, 

and the weighting of indicators in the fWEI. 

Laboratory-based indicators to accurately assess fish welfare 

The establishment of meaningful welfare indices depends on the methodology for gathering relevant 

data (indicators), and on determining the impact of these indicators on governing welfare itself. 

Assessing welfare as such is a highly sophisticated task since the quality of life as perceived by the 

animal itself cannot be measured directly. This is why stress and health parameters are often used as 

objective indices of welfare (Conte, 2004; Iwama, 2007; Galhardo and Oliveira, 2009; Sopinka et al., 

2016). Such parameters help researchers and observers to gain a systematic understanding of the 

direct and indirect welfare effects of different rearing conditions.  

Fish in aquaculture may face diverse pathogens and stressors. The primary stress reaction is initiated 

by the cholinergic receptor in the chromaffin cells, which triggers the release of catecholamines 

(dopamine, noradrenaline, and adrenaline; Reid et al., 1996; Reid et al., 1998). Compared to 

catecholamines, which are released immediately after the occurrence of a stressor, the release of the 

corticosteroids is delayed. The cortisol level, for example, rises within minutes and remains elevated 

for several hours (Strange et al., 1978). In the hypothalamus-pituitary-adrenal cortex axis, also known 

as the stress axis, the hypothalamus releases the corticotropin-releasing hormone (CRH). CRH 

stimulates the corticotropic cells in the pituitary gland, which leads to the release of 

adrenocorticotropin (ACTH; Barton, 2002). Corticosteroids are synthesized in the interrenal cells that 

are located around the posterior cardinal vein in the cranial kidney. The released ACTH leads to a 

release of cortisol from the interrenal cells into the bloodstream (Wendelaar Bonga, 1997; Barton, 

2002), and cortisol influences the release of ACTH in a negative feedback mechanism (Wendelaar 

Bonga, 1997). The secondary stress response consists of physiological changes and is regulated by 

the released catecholamines and corticosteroids. The released catecholamines play a role in 

increasing the ďƌeathiŶg ƌate aŶd the oǆǇgeŶ uptake of the gills, iŶ iŵpƌoǀiŶg the ďodǇ͛s oǁŶ ďlood 
flow, and in increasing the oxygen transport capacity of the blood (Wendelaar Bonga 1997). 

Catecholamines yield an increased number of circulating red blood cells which cause, for instance, 

increased hematocrit values (Wendelaar Bonga, 1997). Cortisol influences the energy metabolism, 

the regulation of the hydromineral balance, and stimulates gluconeogenesis and the Na+/Cl balance 

(Wendelaar Bonga, 1997; Barton, 2002). The released stress hormones affect the cells of the immune 

system and lead to the release of messenger substances such as acute phase proteins, cytokines, and 

tumor necrosis factors (Tort et al., 2004). A large number of parameters and methods are used to 

make stress measurable and quantifiable (Sopinka et al., 2016; Seibel et al., 2021). Potential 

biochemically detectable stress parameters are cortisol, glucose, lactate, hematocrit, and 

hemoglobin (Sopinka et al., 2016; Seibel et al., 2021). At the molecular biological level, the 

expressions of certain genes involved in the stress and immune response (e.g., heat shock proteins 

and cytokines) can be measured (Seibel et al., 2021). Most stress markers provide information on the 

acute stress level or stress that occurred rather recently in time. However, it is debatable to what 
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extent short-term adaptive responses (physiological or behavioral) will cause suffering in fish (North 

et al., 2008). An active immune system develops a response towards an acute stressor, and it is thus 

challenging to detect suppression and malfunction of the immune response due to chronic stress for 

instance with regard to gene expression (Tort et al., 2004). Furthermore, several antigens or stressors 

and corresponding immune responses can occur contemporaneously and the reactions to stressors 

can differ significantly on an inter- and intra-individual basis (Pottinger, 2010), depending on how 

strong the coping and adaptation strategies are (Koolhaas et al., 1999; Ruiz-Gomez et al., 2008; 

Martins et al., 2012). 

Nevertheless, the stress and health indicators applied in Chapters I and II combined with the 

assessed on-farm welfare indicators provided a comprehensive impression of fish welfare on the 

different farms. In Chapter II, the expression of certain genes was observed to occur especially in 

relation to stocking densities and the duration of a total water exchange in the tank and, moreover, 

with temperature and oxygen. Small alterations in gene expression can be detected which can be 

induced by environmental challenges or stressors (Kralik et al., 2017; Seibel et al., 2021). Solely gene 

expression data is difficult to interpret as it might only reflect adaptive changes in the pathways that 

reestablish homeostasis (Seibel et al., 2021). Gene expression evaluated together with lactate, 

glucose, histology and on-farm welfare indicators as well as findings on scale cortisol of Chapter I, 

could however help to address potential welfare impairments on farms (Chapter II). These results 

provided further information to estimate the impact of rearing conditions on welfare and provided 

information on the quality of on-farm welfare indicators for use in the welfare index (Chapters II and 

III). A high welfare impact was indicated for skin injuries by histopathological findings and gene 

expression analyses, thereby subsequently leading to a higher fWEI weighting (Chapters II and III). 

Operculum shortage was not observed to correlate to histopathological findings of the gills or other 

potential welfare impairments and was thus assessed and weighted less heavily within the fWEI 

(Chapters II and III). For histology it needs to be taken into account that histopathological findings 

can provide valuable information on organ function and the health of fish (Bernet et al., 1999; 

Zimmerli et al., 2007; van Dyk et al., 2009), however according to Bernet et al. (2004) healthy fish are 

not characterized by absence of histopathological findings and may display moderate structural 

disorders or mild inflammatory reactions. 

While acute stress can be beneficial, intense acute stressors (e.g., air exposure) or chronic stress 

(e.g., high stocking densities) can result in exhaustion of the stress response and depletion of 

homeostasis, leading to reduced fish performance, reduced reproduction, increased susceptibility to 

disease, higher mortality, and a generally decreased welfare (Iwama et al., 1997; Huntingford et al., 

2006; Barton, 2002; Schreck and Tort, 2016). On-farm situations can change rapidly, among others 

due to handling procedures or weather conditions. The question arises to what extent fish are 

stressed and possibly impaired over a long period of time by their rearing conditions, making 

indicators for long-term stress especially useful for welfare assessments. The approach of quantifying 

the scale cortisol as analyzed in this thesis (Chapter I) is a relatively new (Aerts et al., 2015) and a 

very promising stress and welfare indicator for long term stress (Sopinka et al., 2016; Laberge et al., 

2019), based on the accumulation of cortisol in fish scales over time. Measuring the content of 

cortisol in different tissues is already practiced for mammals for instance by measuring cortisol in 

hair (Russel et al., 2012) or for birds by detecting cortisol in feathers (Bortolotti et al., 2009). Scale 

cortisol findings validated fin injuries as an essential welfare issue and important and easy to apply 
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on-farm welfare indicator (Chapter I). The observed direct and indirect influences of environmental 

and management conditions and the positive correlation observed between scale cortisol, as a 

biomarker for chronic stress, and fin injuries, as an indicator of impaired welfare highlighted the 

overall impact on fish welfare and accordingly led to a higher weighting of fin injuries within the 

fWEI. Although scale cortisol proved to be a valuable laboratory welfare indicator, more research still 

needs to be done as it forms a relatively new indicator with only a few studies applied for different 

species (Aerts et al., 2015; Carbajal et al., 2019; Laberge et al., 2019; Hanke et al., 2019, 2020). 

Furthermore, studies on scale cortisol apply different methods and measurements, making 

comparisons between the different studies challenging, with regard to matrix sensitivity, assay 

sensitivity, and assay specificity (Laberge et al., 2019). Also, Laberge et al. (2019) highlighted a lack of 

knowledge concerning the dynamics of cortisol exchange between the circulation and the scale 

matrix as being a challenge in this context. 

Always interpreted in the context of on-farm welfare indicators, the applied laboratory-based 

indicators were generally considered as very valuable welfare assessment tools. The assessed 

laboratory stress and health indicator findings supported – besides literature and expert judgment – 

the relevance and weighting of the welfare indicators for the fWEI. Laboratory stress and health 

indicators physiologically reflected rearing conditions and especially the prevalence and severity of 

external damage, highlighting the necessity for minimizing (chronic) stress and external damage in 

aquaculture settings (Chapters I and II). The diverse farm-specific influences on welfare make the 

detection of primary causes for stress and welfare impairments demanding. It would thus be highly 

beneficial if future research was conducted by continually observing stress and health parameters 

during the lifecycle of fish in aquaculture, to precisely evaluate the detected stressors of rearing 

conditions. Although experimental research in controlled setups is more easily reproducible, real on-

farm scenarios will greatly differ from controlled setups (e.g., larger tanks, higher stocking densities, 

fluctuations in water quality and -supply) and should receive a preferred research focus due to their 

practical orientation. It needs to be evaluated, how existing rearing conditions can be improved or 

how new facilities can be optimally designed. Reducing the stress on fish in aquaculture is often 

aimed at improving fish growth and survival (Sopinka et al., 2016), but should also target the 

decrease of external damage, and provide fish with a positive welfare situation. As discussed in 

Chapter III, to improve welfare, the rendering of environmental enrichment should receive more 

attention. Optimizing feed and feeding methods, health, appropriate behavior, and the environment 

(tank structures, self-feeding vents, velocity/currents, shadow; Pounder et al., 2016) are integral 

elements of this. Environmental or structural enrichment provides stimulation and enhances 

cognition, exploratory behavior, and brain physiological functions (Arechavala‑Lopez et al., 2020), 

which can reduce stress (Pounder et al., 2016; Marcon et al., 2018; Fife-Cook and Franks, 2019), and 

provide positive welfare experiences (Fife-Cook and Franks, 2019).  

The fish welfare evaluation index (fWEI) and its application by different stakeholders 

The development of species-specific indicators and welfare indices such as the devised fWEI can 

point out welfare deficits of fish in aquaculture. The determination of welfare deficits can steer 

efforts to optimize rearing conditions and mandate welfare standards that will improve the quality of 

life for fish in aquaculture.  
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Generally, it is important to consider the application purpose for welfare indicators and indices. For 

the self-monitoring required by the German Animal Welfare Act, farmers can choose indicators they 

find suitable for their farms. The Registered Association of German Fisheries Administrators and 

Fisheries Scientists (VDFF, 2016) provides guidelines for the practical implementation of self-

monitoring by fish farmers. However, it is desirable to have, besides freely selectable indicators, a 

collection of indicators assessed by the same method, and hence obtain results comparable between 

farms with a general consent on the overall welfare status of fish. The thesis͛ results proved external 

damage to be the most relevant, practicable, and reliable welfare indicators to be used within a 

welfare index. External damage are valuable animal-based outcome indicators reflecting 

environmental, management, behavior, stress, and health parameters and hence provide the 

maximum informative value on welfare. The fWEI based on external damage, assessed by using 

photographic images of different severity grades, can readily be applied by different stakeholders to 

determine the welfare of fish in aquaculture.  

Farmers will benefit from standard procedures for assessing welfare and can easily detect 

deficiencies in their production. Farmers, and also attending veterinarians, are not always fully 

trained on how to accurately assess fish welfare. For example, certain indicators such as cataracts 

were not regarded as an obvious welfare impairment by all farmers and thus were unlikely to be 

communicated as a welfare deficit by the attending veterinarians. Veterinarians can now apply the 

fWEI when sampling fish for regular health checks. A stronger focus on external damage will lead to a 

discussion on the potential causes and how to reduce the external damage and hence optimize 

welfare conditions on farms.  

To receive comparable results for monitoring programs, the assessment of external damage, and 

application of the fWEI can determine the current state of fish welfare over a large number of farms. 

Monitoring of external damage is already conducted for fish diseases and the fish disease index in 

international monitoring programs (Lang and Wosniok, 2008) and applied in a current research 

project ͞NatioŶales Tieƌǁohl-MoŶitoƌiŶg͟ ;NaTiMon; Lugert et al., 2021) which evaluates indicators 

and the possibility to conduct a national welfare monitoring for trout and carp in Germany.  

Further, access to comparable welfare results between farms is crucial for the validity of certification 

programs. Growing consumer demand for welfare-friendly reared fish products contrasts with the 

lack of transparency concerning the production parameters. Many different labels for fish products, 

such as Aquaculture Stewardship Council (ASC), Global G.A.P., Naturland, Royal Society for the 

Prevention of Cruelty to Animals (RSPCA), and Friends of the Sea, exist. While RSPCA (2020) is a 

welfare-based approach, other labels such as ASC initially put their focus on sustainability, but have 

some welfare standards in place (regular veterinarian visits, health management plans, disease 

monitoring and limits for mortality; ASC, 2019) and work on the further implementation of welfare 

indicators (ASC, 2021). A newly founded initiative group (Aquaculture Welfare Standards Initiative, 

2021) works on developing appropriate animal protection standards for aquaculture. The members 

of the Aquaculture Welfare Standards Initiative include farmers, scientists, authorities, enterprises, 

and certification bodies who have joined forces in an attempt to raise the welfare standards for fish 

worldwide. Representatives of the private sector include large supermarket chains. These, driven by 

consumer demand, may practically be able to enforce and warrant the provision of defined animal 

welfare standards. At present, retailers in Germany prefer to follow animal welfare standards 

through existing certification systems such as ASC and GlobalG.A.P., which are both members of the 
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Aquaculture Welfare Standards Initiative (Albert Schweitzer Foundation, 2021). Germany imports 89 

% of its fishery and aquaculture products (FIZ, 2021), including from countries with no or less strict 

welfare regulations, which leads to big discrepancies concerning fish produced under German 

welfare regulations. Stricter control of imported products can potentially result in a more promising 

competition betǁeeŶ GeƌŵaŶ faƌŵs aŶd iŵpoƌts. AdoptiŶg the thesis͛ fiŶdiŶgs, the ĐoŶseƋueŶt 
assessment of external damage indicators using photographic images and the application of the fWEI 

are highly recommended to auditing teams of certification bodies, and as mandatory for regular on-

farm self-monitoring within the certification. The accumulation and assessment of data and the 

resulting third-party labeling would generate a more reliable picture of welfare on farms, and provide 

consumers with validated information for obtaining welfare-friendly fish products. While external 

damage clearly indicates welfare impairment, rearing conditions that are likely considered as being 

welfare-friendly do not necessarily provide fish with an unharmed appearance (e.g., water quality 

Chapters I and III). Parameters such as the regular measurements of the water quality or behavioral 

observations were not deemed suitable or practicable for establishing the fWEI but as they still are 

very important for welfare, they could be mandated by certification bodies as auxiliary indicators, for 

instance by applying regular water quality checks and by using the developed behavioral protocol 

(Chapter III) for on-farm self-monitoring or within-farm audits. 

Many different species are reared in aquaculture, and welfare indicators thus need to be species-

specific. With the continual growth and expansion of aquaculture, many different species are put at 

ǁelfaƌe ƌisk, espeĐiallǇ as kŶoǁledge oŶ ŵaŶǇ speĐies͛ fuŶdaŵeŶtal Ŷeeds is sĐaƌĐe ;FƌaŶks et al., 
2021). Immediate efforts are needed to safeguard the welfare of farmed fish, e.g., by compiling more 

information and policies on the welfare of different fish species (Franks et al., 2021). External 

damage is an often reported welfare issue on farms for different aquaculture species worldwide. As 

external damage comprises a common threat for fish in aquaculture, and other welfare indicators 

such as water quality and behavior are often difficult to measure, the regular assessment (as, for 

instance, common for organ health checks in livestock farming) of external damage using 

photographic images and customization of the fWEI to other fish species should be pursued in the 

near future. Species-specific images of typical external damage are for instance already provided for 

lumpfish (Gutierrez Rabadan et al., 2021). For the future, the application of precision aquaculture 

methods—especially for intensive farms—and hence the automated detection of external damage 

during slaughter or in the tank also constitutes a promising welfare assessment tool (Føre et al., 

2018). Producing healthy and well-grown fish with an unharmed external appearance should become 

the future standard for all farms. While the implementation of animal welfare measures and 

improvements in rearing conditions might result in higher production costs, which need to be borne 

by the consumers, an advanced economy will respect and integrate animal welfare, and overcome 

the aŵďitioŶ of ͞Đheap͟ pƌoduĐtioŶ. ‘etaileƌs offeƌiŶg ǁelfaƌe-compliant products and informed and 

conscious consumers will accelerate the development of welfare-friendly aquaculture. In terms of 

the positive economic aspects, it should also be noted that fish that are kept under good animal 

welfare conditions are less stressed, less susceptible to disease, and therefore require less 

medication, grow and utilize their feed better, and provide consumers with a higher quality product 

(Ashley, 2007), which directly benefits the financial bottom-line of production.  
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Welfare-beneficial rearing conditions for rainbow trout according to findings of this thesis 

Flow through systems in Germany were observed to significantly differ in terms of their tank design, 

technical equipment, water sources and -supply, stocking densities, feeding frequencies, and many 

other aspects related to environmental and management conditions. A major impact on fish welfare, 

induced directly and indirectly by different rearing conditions, was observed with regard to behavior 

and external damage as well as health and stress parameters. Overall, the thesis͛ results 

demonstrated that a higher water supply and faster total water exchange in the tank, combined with 

a low or moderate stocking density, promoted the best welfare for rainbow trout (Chapters I–III). 

Higher stocking densities were observed in relation to crowding, higher activity levels, and external 

damage. Observed crowding and elevated activity levels with an increase in stocking density are also 

described by Anras and Lagardère (2004) and Sadoul et al. (2015). Anras and Lagardère (2004) 

observed a diurnal activity at stocking densities of 27 kg/m³ and 80 kg/m³ which reduced at night, 

while rainbow trout stocked at 136 kg/m³ exhibited unstructured swimming patterns during the day 

which was also largely maintained at night, presumably resulting from contacts with other fish. Even 

if rainbow trout were observed to form a shoal, and thus did not spread over the entire area of the 

tank (as also observed for Atlantic salmon; Turnbull et al., 2008), they still kept a certain distance 

from one another, indicating a need for space (Turnbull et al., 2008). It is therefore recommended to 

not stock rainbow trout at densities that conflict with their freedom of movement and cause 

unavoidable contact between fish or a reduction in their preferred distance, as this can lead to 

external damage and stress (Purser and Hart, 1991; Chapters I, II and III) and interferes with their 

natural needs (Turnbull et al., 2008). External damage such as fin injuries at higher densities are 

induced by mechanical abrasion between fish or against tank walls but also potentially by aggression, 

reduced water quality, infections, and stress (Bosakowski and Wagner, 1994; Ellis et al., 2002, 2008; 

Person-Le Ruyet et al., 2008; Roque d'Orbcastel et al., 2009; Chapters I and II). Potential territorial 

behavior and aggression impacting welfare at low stocking densities was not observed on farms. 

Besides stocking densities, the effects of water supply and -exchange were highly relevant for welfare 

on farms. Water supply and -exchange are important to ensure a permanent oxygen supply and 

removal of feed residues as well as feces and other metabolic products. Farms with a lower water 

supply, -supply per kg fish, and a longer duration of a total water exchange as well as higher stocking 

densities and feeding frequencies showed higher levels of nitrogen compounds, higher temperature, 

and turbidity, and lower oxygen levels, even though these generally remained within the 

recommended ranges (VDFF, 2016). As described in Chapters I and III, it is thus questionable whether 

recommendations for water quality are sufficient to provide welfare, or if other non-measured water 

quality parameters or other substances, e.g., bacterial load or the accumulated effect of different 

parameters impacted welfare negatively. The water supply not only determines water quality but 

also water velocity. Water velocity is known to have a positive effect on the behavior of salmonids, 

for instance in terms of reducing aggression (Davison, 1997), health (Davison, 1997; Castro et al., 

2011; Palstra and Planas, 2011), the ability to cope with stress (Woodward and Smith, 1985; 

Ghanizadeh-Kazerouni et al., 2017), and reducing levels of circulating plasma cortisol (Woodward and 

Smith, 1985; Boesgaard et al., 1993). Woodward and Smith (1985) observed that fish at lower water 

velocities and with less exercise showed higher plasma cortisol levels and responded more severely 

to stress than exercised fish. As described in Chapter I, fish from farms with a lower water supply 

and -exchange and hence potentially lower water velocity had higher scale cortisol levels and a 
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higher prevalence and severity of external damage. The findings of Larsen et al. (2012) concluded 

that, to a certain extent and at relatively high temperatures of 19°C, water current can alleviate the 

negative effects of high stocking densities. Albeit not at warmer temperatures, a higher velocity was 

observed to potentially be beneficial for fish at higher densities up to 60 kg/m³ (Chapter I).  

Based on the literature and the findings of this thesis, it can be assumed that a higher water supply 

and thus a higher or more optimal velocity could have a stress-reducing effect (Woodward and 

Smith, 1985; Ghanizadeh-Kazerouni et al., 2017), and thereby improve the welfare of rainbow trout 

on farms. Existing environmental regulations however limit the expansion of extensive aquaculture 

due to their significant water consumption (AG NASTAQ, 2020), and hence stimulate the 

intensification of aquaculture. To reduce water consumption and further increase intensification, 

flow through systems can be technically upgraded by implementing drum- and biofilters. Especially in 

drum- and biofilter based partial circulation systems (such as ͞Danish model farm systems͟) a low 

substitution of water is used, while still allowing relatively high stocking densities. Apart from 

regulatory constraints, the water supplies available to aquaculture are often simply restricted by 

insufficient overall water availabilities. Such dilemmas could be worsened by the effects of climate 

change with low rainfalls and locally decreasing water supplies, phenomena that are already forming 

a global threat to aquaculture and thereby also to the welfare of rainbow trout in flow through 

systems in Germany.  

Conclusion 

The successful provision of fish welfare in aquaculture is closely linked to the state of specific 

knowledge. This thesis identified practicable and reliable on-farm indicators and their impact on 

welfare, and provides a welfare evaluation index (fWEI) for rainbow trout in flow through systems. 

For the fWEI, external damage indicators were selected as valuable outcome indicators, reflecting 

direct and indirect effects of environmental and management conditions, behavior, stress, and 

health parameters. Due to the comparability of results between farms, the fWEI including the 

assessment of photographic images with different severity grades can be applied by different 

stakeholdeƌs. The assessŵeŶt of eǆteƌŶal daŵage should ďe aŶ iŶtegƌal paƌt of eǀeƌǇ faƌŵ͛s self-
monitoring and needs to be regularly investigated by veterinarians, qualified services, and 

certification and monitoring programs. The results derived from this thesis are an important step 

towards the regular assessment of welfare in aquaculture farms and should be transferred to other 

fish species. It is further necessary to evaluate, how existing rearing conditions can be improved and 

how new facilities can be ideally designed in advance to provide fish with optimal welfare conditions. 
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SUMMARY 
 

The supply of aquacultural products is greatly increasing worldwide, with several fish species being 

held in diverse types of aquaculture systems. This growth is mainly attributed to the ongoing demand 

for fish as an essential and high source of protein, and also as a luxury food item. Alongside the 

increase of fish production and the intensity of rearing conditions, concerns about, and resultant 

scientific studies into the welfare of farmed fish are on the rise. Animal welfare can be defined as the 

quality of life as perceived by the animal itself. The ability for conscious awareness of subjective 

states in fish has long been denied, but now plays a central role in the debate and regarding the 

concerns over fish welfare. Although consciousness cannot be measured directly, the overall 

anatomical, physiological, and behavioral evidence indicates that fish have the capacity to 

consciously experience pain and potentially other emotional states such as fear. This ethically makes 

fish vulnerable and in need of protection. The welfare needs of fish can include, among others, 

respiration, nutrition, health, kinesis, behavior control, feeding, safety, protection, rest, social 

contact, exploration, and body care. Fish welfare in aquaculture can easily be impaired by factors 

such as suboptimal stocking densities, water supply, and -quality, handling, transport, and slaughter. 

To ensure the welfare of fish and to protect them from pain, suffering, and harm, different 

regulations exist in countries such as Germany. According to the German Animal Welfare Act 

(Tierschutzgesetz), farmers have to evaluate animal welfare on their farms, particularly by applying 

animal-related welfare indicators. Although recommendations exist, fish farmers themselves can 

ultimately select the indicators that will determine the welfare of their fish stock. Hereby a broad 

consent on how to define overall welfare of fish is lacking.  

Scientific studies concerning fish as sentient beings have raised the need to quantify fish welfare 

more accurately and to implement standard procedures for welfare assessment in aquaculture, not 

only for on-farm self-monitoring but also to reliably compare welfare between farms. Many different 

fish welfare indicators can be assessed in aquaculture settings. However, to be able to make a 

statement on the overall welfare of fish on a farm, indicators must be combined using a specific 

welfare index. Within a welfare index various indicators are often weighted concerning their impact 

on welfare. Studies assessing the stress level and health status of fish with regard to different 

indicators are thus essential to determine the weighting of indicators in welfare indices. For welfare 

indices, it is also important to choose reliable and practicable welfare indicators and to consider 

differences regarding species-specific vulnerabilities and challenges posed by rearing systems and 

regions. Further, the application purpose (e.g., for farmers or certification) should be considered. 

Based on the results of welfare indices, conclusions can be drawn with regard to optimal rearing 

conditions and consequently help to improve welfare. Only a few different indices are presently 

available to evaluate the welfare of different fish species and a need for standardized sampling 

methods and further clarification of some welfare indicators exist. Due to the recent development 

and availability and the unknown potential use by different stakeholders, the suitability of most 

available indices is still unknown. Even for commercially important species such as rainbow trout 

(Oncorhynchus mykiss) reared in flow through systems information on the practicability and 

reliability of different indicators/indicator groups in the use of welfare indices have only rarely been 

published. 
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The aim of the thesis was thus to determine practicable and reliable on-farm welfare indicators, to 

analyze their impact on welfare, and, based on these results, to develop a fish welfare evaluation 

index that is easily understandable and rapid to conduct, while providing the highest and most robust 

informative value. Due to its great importance as an aquaculture species in Germany and worldwide, 

and due to the lack of information on practicable and reliable welfare indices, the study was based 

on the example of rainbow trout during grow-out in flow through systems in Germany. On-farm 

welfare indicators assessed on nine farms included environmental (tank design, water supply, 

duration of a total water exchange in the tank, water quality) and management parameters (stocking 

density, feeding frequency), behavior and health observations (disease- and low welfare indicating 

behaviors, social interactions, activity level, crowding), condition factor, somatic organ indices, and 

external morphological damage (skin-, fin-, eye- and gill damage, skeletal deformities, emaciation). 

To gain additional in-depth insights into the direct and indirect effects caused by differences in 

rearing conditions and to weight the impact of indicators on welfare, various health and stress 

parameters (glucose, lactate, osmolality, histology, scale cortisol, molecular marker) were assessed 

and correlated to the on-farm welfare indicators. The first two chapters of the thesis focus on the 

laboratory-based stress and health parameters in relation to the on-farm welfare indicators, while 

the third chapter focuses on the suitability of on-farm welfare indicators and presents, based on the 

overall project results, the final fish welfare evaluation index. 

Chapter I presents the first study to investigate a potential correlation between chronic stress and 

the occurrence of external damage in rainbow trout reared in flow through systems. To quantify 

chronic stress, scale cortisol was analyzed using UPLC-MS/MS and correlated to external damage. 

Further, the influence of environmental and management conditions on chronic stress levels and 

external damage was assessed. Measured eye- and skin damage, deformities, and emaciation 

occurred less frequently, while fin injuries were common and differed significantly in severity 

between farms. The results of the analyses of all sampled fish across the farms studied showed a 

highly positive correlation between scale cortisol and total fin injury. A limited water supply, -supply 

per kg fish, and -exchange, as well as higher stocking densities and feeding frequencies resulted in a 

comparably reduced water quality, as indicated by correlations with lower oxygen levels, higher 

levels of nitrogen compounds, higher temperature, and turbidity. After conducting a principal 

component analysis, multiple linear regression models showed that scale cortisol was mainly 

predicted by total fin injury, temperature, and the pH, ammonia, and nitrite component. Total fin 

injury was majorly predicted by the environmental/management component concerning water 

supply, -supply per kg fish, and -exchange duration, as well as by stocking density, scale cortisol, the 

pH, ammonia and nitrite component, and feeding frequency. The findings on scale cortisol support 

the proposal that fin injuries are an important welfare issue and a suitable on-farm welfare indicator. 

Higher scale cortisol levels and increased prevalence and severity of fin injuries – directly and 

indirectly influenced by farms environmental and management conditions – are indicative of 

impaired welfare and support the necessity of reducing chronic stress and the occurrence of fin 

injuries in aquaculture settings. 

As methods to accurately determine the welfare of fish are required, Chapter II describes the 

analyses of the mRNA levels of 91 genes involved in stress and immune responses using multiplex 

quantitative PCR, complemented with organ histopathology, determination of blood glucose and 

lactate levels, organ somatic indices, external damage, behavior, and environmental and 
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management parameters. The expression profiles of distinct sets of genes and other welfare 

indicators differed significantly between farms and especially stocking density and the duration of a 

total water exchange in the tank both had a significant impact on gene expression. Furthermore, 

effects of water quality on immunological responses were observed. The gene expression profiles 

obtained provide a deeper insight into the stress and immune response influenced by different 

rearing conditions, and hence a more accurate status of trout welfare in aquaculture settings. 

To implement standard procedures for comparable welfare assessments in aquaculture, Chapter III 

presents the evaluation of welfare indicators to be reliably and practicably assessed directly on-farm 

and the establishment of a fish welfare evaluation index (fWEI) based on rainbow trout during grow-

out in commercial flow through systems in Germany. Potential on-farm welfare indicators assessed 

on nine different farms included environmental and management parameters, behavior and health 

observations, and external damage. Principal component analysis followed by multiple linear 

regressions showed that water supply, water supply per kg fish, and the duration of a total water 

exchange in the tank, nitrogen compounds, and the estimated activity level of the fish stock had the 

strongest impact on the occurrence of external damage. The findings indicate that direct and indirect 

effects of suboptimal rearing conditions potentially result in a visibly degraded external appearance 

of fish, thereby confirming external damage as a highly relevant welfare indicators, which is further 

supported by the various health and stress parameters assessed and presented in Chapters I and II. 

Faƌŵs͛ eŶǀiƌoŶŵeŶtal aŶd ŵaŶageŵeŶt parameters and fish behavior, despite also being essential 

welfare indicators, were limited in their reliability and/or practicability, while external damage could 

be reliably assessed using photographic images, matched to a scale of different severity grades of 

impairment. Such a method is quickly and easily acquired and applied with reproducible results at no 

material costs. The fWEI summarizes the external damage of fish, including its prevalence and 

severity, and categorizes the results from very good to poor welfare. The fWEI can be applied by fish 

farmers, veterinarians, certification or monitoring programs. Based on the fWEI results, further 

measurements and adjustments may become necessary to determine and eliminate the causes 

behind fish welfare impairments.  

Findings of this thesis show the necessity of evaluating fish welfare accurately and of avoiding 

external damage of rainbow trout in aquaculture. With the increase of aquaculture production, many 

other species besides rainbow trout are put at welfare risk, especially as available data on suitable 

rearing conditions for many species are scarce. As external damage forms a common threat for fish in 

aquaculture worldwide, the assessment of external damage and customization of the fWEI to other 

fish species should be aimed for in the near future. Further it is necessary to evaluate how existing 

rearing conditions can be improved and how new facilities can ideally be designed in advance to 

provide fish with optimal welfare conditions. 
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ZUSAMMENFASSUNG 
 

Das Angebot an Aquakulturprodukten, mit einer Vielzahl von Arten in unterschiedlichen 

Aquakultursystemen, nimmt weltweit stark zu. Diese Entwicklung ist vor allem auf die anhaltende 

Nachfrage nach Fisch als essentielle und hochwertige Proteinquelle und als Delikatesse 

zurückzuführen. Mit der Zunahme und Intensivierung der Fischproduktion wachsen aber auch die 

Bedenken und wissenschaftlichen Studien zum Tierwohl von Fischen in Aquakultur. Tierwohl kann 

dabei als die vom Tier selbst empfundene Lebensqualität definiert werden. Fischen wurde eine 

bewusste Empfindungsfähigkeit lange abgesprochen und auch wenn sich Bewusstsein nicht direkt 

messen lässt, deuten heute allgemeine anatomische, physiologische und verhaltensbezogene 

Indikatoren darauf hin, dass Fische zu bewussten Empfindungen fähig sind und Schmerz und 

möglicherweise andere emotionale Zustände wie Angst erfahren können. Dies macht Fische im 

ethischen Sinne verletzbar und schutzbedürftig. Die Tierwohlbedürfnisse von Fischen können unter 

anderem Atmung, Ernährung, Gesundheit, Bewegung, Verhaltenskontrolle, Fütterung, Sicherheit, 

Schutz, Ruhe, soziale Kontakte, Erkundung und Körperpflege umfassen. Das Wohl der Fische in der 

Aquakultur wird unmittelbar durch Faktoren wie Besatzdichte, Wasserzufuhr und -qualität, Handling, 

Transport und Schlachtung beeinflusst. Um das Wohl von Fischen zu gewährleisten und sie vor 

Schmerzen, Leiden und Schäden zu schützen, gibt es in Ländern wie Deutschland unterschiedliche 

gesetzliche Vorschriften. Nach dem deutschen Tierschutzgesetz müssen Fischwirte in ihren Betrieben 

das Tierwohl insbesondere durch das Monitoring tierbasierter Tierwohlindikatoren bewerten. Auch 

wenn Empfehlungen vorliegen, können die Indikatoren welche das Wohl des Fischbestandes 

bestimmen von den Betreibern selbst festlegt werden. Hierbei fehlt es an einem einheitlichen 

Ansatz, das Tierwohl gesamtumfassend zu definieren.  

Wissenschaftliche Erkenntnisse zum Empfindungsvermögen von Fischen machen es erforderlich, das 

Wohl von Fischen genauer zu quantifizieren und Standardverfahren zur Bewertung des Tierwohles in 

der Aquakultur zu implementieren; nicht nur für die Eigenkontrolle im Betrieb, sondern auch, um das 

Tierwohl zwischen den Betrieben nachvollziehbar vergleichen zu können. In Aquakulturumgebungen 

können viele verschiedene Indikatoren für die Bestimmung des Fischwohles herangezogen werden. 

Um jedoch eine Aussage über das Gesamtwohl der Fische eines Betriebes machen zu können, 

müssen Indikatoren mit einem spezifischen Tierwohl-Index verknüpft werden. Indikatoren innerhalb 

eines Indexes werden meist hinsichtlich ihrer Auswirkung auf das Tierwohl gewichtet. Studien, die 

das Stressniveau und den Gesundheitszustand von Fischen in Bezug auf verschiedene Indikatoren 

bewerten, sind daher unerlässlich, um die Gewichtung von Indikatoren innerhalb von Tierwohl-

Indizes zu bestimmen. Für Tierwohl-Indizes ist es außerdem wichtig, verlässliche und praktikable 

Tierwohlindikatoren zu wählen, und Unterschiede hinsichtlich artspezifischer Vulnerabilitäten und 

Herausforderungen durch Haltungssysteme und -regionen zu berücksichtigen. Weiterhin sollte der 

Verwendungszweck des Tierwohl-Index (z.B. für Betreiber oder für Zertifizierungen) berücksichtigt 

werden. Anhand der Ergebnisse von Tierwohl-Indizes können Rückschlüsse auf optimale 

Aufzuchtbedingungen gezogen werden und somit helfen, das Tierwohl zu verbessern. Derzeit sind 

nur wenige spezifische Indizes verfügbar, um das Wohl unterschiedlicher Fischarten zu bewerten. Es 

besteht weiterhin ein Bedarf an standardisierbaren Methoden zur Erfassung und der weiteren 

Präzisierung einiger Fischwohlindikatoren. Aufgrund der erst kurzen Verfügbarkeit einiger Indizes 
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und der bisher unbekannten potenziellen Nutzung durch unterschiedliche Interessengruppen, ist die 

Eignung noch unklar. Sogar für ökonomisch hoch relevante Arten wie die Regenbogenforelle 

(Oncorhynchus mykiss) sind nur wenige Informationen zur Praktikabilität und Zuverlässigkeit 

verschiedener Indikatoren/Indikatorgruppen für die Nutzung innerhalb von Tierwohl-Indizes 

veröffentlicht worden. 

Ziel der Dissertation war es daher, praktikable und verlässliche „On-Farm͞ Tierwohlindikatoren 

(direkt auf Betrieben erheb- und bewertbare Indikatoren) zu ermitteln, deren Auswirkungen auf das 

Tierwohl zu analysieren und basierend auf diesen Ergebnissen einen Fischwohl-Bewertungsindex zu 

entwickeln, der schnell durchzuführen und leicht verständlich ist und gleichzeitig über eine robuste 

Aussagekraft verfügt. Aufgrund ihrer hohen Bedeutung als Aquakulturart in Deutschland und 

weltweit, sowie aufgrund fehlender Informationen zu praktikablen und belastbaren Tierwohl-Indizes, 

erfolgte die Studie am Beispiel der Aufzucht von Regenbogenforellen in Durchflusssystemen in 

Deutschland. Auf neun Betrieben bewertete On-Farm Tierwohlindikatoren umfassten Umwelt- 

(Beckendesign, Wasserzufuhr, Dauer eines kompletten Wasseraustausches im Becken, 

Wasserqualität) und Managementparameter (Besatzdichte, Fütterungshäufigkeit), Verhaltens- und 

Gesundheitsbeobachtungen (Anzeichen für Krankheit und Unwohlsein, soziale Interaktionen, 

Aktivitätslevel), Konditionsfaktor, somatische Organindizes und externe morphologische Schäden 

(Haut-, Flossen-, Augen- und Kiemenschäden, Skelettdeformationen, Abmagerung). Um zusätzliche 

tiefere Einblicke in die direkten und indirekten Auswirkungen von Unterschieden der 

Haltungsbedingungen zu gewinnen und den Einfluss von Indikatoren auf das Wohl zu gewichten, 

wurden verschiedene Gesundheits- und Stressparameter (Glukose, Laktat, Osmolalität, Histologie, 

Schuppenkortisol, molekulare Marker) bewertet und mit den On-Farm Tierwohlindikatoren 

korreliert. Die ersten beiden Kapitel der Dissertation konzentrieren sich auf die laborbasierten Stress- 

und Gesundheitsparameter in Bezug auf die On-Farm Tierwohlindikatoren, während sich das dritte 

Kapitel auf die Eignung der On-Farm Indikatoren konzentriert und basierend auf den 

Gesamtprojektergebnissen einen Tierwohl-Bewertungsindex für das Wohl von Regenbogenforellen in 

Durchflusssystemen präsentiert. 

Kapitel I stellt die erste Studie vor, die eine mögliche Korrelation zwischen chronischem Stress und 

dem Auftreten externer Schäden bei Regenbogenforellen in Durchflusssystemen untersucht. Zur 

Quantifizierung von chronischem bzw. Langzeitstress wurde Schuppenkortisol mittels UPLC-MS/MS 

analysiert und mit den externen Schäden korreliert. Außerdem wurde der Einfluss von Umwelt- und 

Managementbedingungen auf das chronische Stressniveau und die externen Schäden bewertet. 

Gemessene Augen- und Hautschäden, Deformationen und Abmagerung traten seltener auf, während 

Flossenverletzungen häufig waren und sich hinsichtlich Prävalenz und Schwere zwischen den 

Betrieben signifikant unterschieden. Die Ergebnisse betrachtet über alle Fische und alle untersuchten 

Betriebe zeigten eine hoch positive Korrelation zwischen dem Schuppenkortisol und den 

Flossenverletzungen. Eine begrenzte Wasserzufuhr, -zufuhr pro kg Fisch und ein geringer 

Wasseraustausch, sowie höhere Besatzdichten und Fütterungshäufigkeit führten zu vergleichsweise 

geringeren Wasserqualitäten, erkennbar an Korrelationen mit einem niedrigerem Sauerstoffgehalt, 

höheren Gehalten an Stickstoffverbindungen, höherer Temperatur und Trübung. Nach Durchführung 

einer Hauptkomponentenanalyse zeigte die multiple lineare Regression, dass die 

Schuppenkortisollevel hauptsächlich durch die Flossenschäden, Temperatur und die pH-, Ammoniak- 

und Nitrit Komponente bestimmt wurde. Das Auftreten der Flossenverletzungen wurde 
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hauptsächlich durch die Umwelt/Managementkomponente, also Wasserzufuhr, Wasserzufuhr pro kg 

Fisch und Wasseraustauschdauer sowie durch die Besatzdichte, Schuppenkortisol, die pH-Wert-, 

Ammoniak- und Nitrit Komponente und die Fütterungshäufigkeit vorhergesagt. Die Messungen des 

Schuppenkortisoles belegen, dass Flossenverletzungen eine gewichtige Beeinträchtigung und ein 

geeigneter Indikator für die Feststellung des Tierwohles in der Aquakultur sind. Höhere 

Schuppenkortisolwerte und häufigere und schwerere Flossenverletzungen, die direkt und indirekt 

durch die Haltungsbedingungen eines Betriebes beeinflusst werden, weisen auf ein beeinträchtigtes 

Wohlbefinden hin und unterstreichen die Notwendigkeit, chronischen Stress und das Auftreten von 

Flossenverletzungen in Aquakulturumgebungen zu reduzieren. 

Da Methoden erforderlich sind, um das Wohl von Fischen genau zu bestimmen, beschreibt Kapitel II 

die Analyse der mRNA-Expression mittels quantitativer Multiplex-PCR Analyse von 91 Genen, die an 

der Stress- und Immunantwort beteiligt sind. Zusätzlich wurden Organhistopathologie, der Glukose- 

und Laktatspiegel im Blut, organsomatische Indizes, äußere Schäden, das Verhalten sowie Umwelt- 

und Managementparameter betrachtet. Die Expressionsprofile verschiedener Gene und anderer 

Tierwohlindikatoren unterschieden sich signifikant zwischen den Betrieben. Insbesondere die 

Besatzdichte und die Dauer eines kompletten Wasseraustausches im Becken zeigten einen 

signifikanten Einfluss auf die Genexpression. Außerdem wurden Auswirkungen der Wasserqualität 

auf immunologische Reaktionen beobachtet. Die erhaltenen Genexpressionsprofile bieten einen 

tieferen Einblick in die Stress- und Immunantwort, die durch unterschiedliche Haltungsbedingungen 

beeinflusst wird, und somit einen genaueren Status des Wohlergehens von Forellen in Aquakultur. 

Um Standardverfahren für vergleichbare Tierwohlbewertungen in der Aquakultur zu implementieren, 

stellt Kapitel III die Bewertung von Indikatoren hinsichtlich ihrer zuverlässigen und praktikablen 

Erhebung direkt im Betrieb, und die Erstellung eines Tierwohl-Bewertungsindex am Beispiel von 

Regenbogenforellen in kommerziellen Durchflusssystemen in Deutschland vor. Potenzielle On-farm-

Indikatoren, die auf neun verschiedenen Betrieben bewertet wurden, umfassten Umwelt- und 

Managementparameter, Verhaltens- und Gesundheitsbeobachtungen und externe Schäden. Die 

Hauptkomponentenanalyse gefolgt von multipler linearer Regressionen zeigte, dass die 

Wasserzufuhr, die Wasserzufuhr pro kg Fisch, die Dauer eines kompletten Wasseraustausches im 

Becken, Stickstoffverbindungen und das geschätzte Aktivitätslevel des Fischbestandes den stärksten 

Einfluss auf das Vorkommen externer Schäden hatten. Die Ergebnisse deuten darauf hin, dass direkte 

und indirekte Auswirkungen suboptimaler Haltungsbedingungen zu einem sichtbar verschlechterten 

äußeren Erscheinungsbild von Fischen führen. Somit stellen externe Schäden hochrelevante 

Tierwohlindikatoren dar, was zusätzlich durch die verschiedenen in Kapitel I und II analysierten 

Gesundheits- und Stressparameter gestützt wird. Umwelt- und Managementparameter sowie das 

Fischverhalten als ebenfalls wesentliche Tierwohlindikatoren waren in ihrer Zuverlässigkeit und/oder 

Praktikabilität begrenzt, während externe Schäden anhand von fotografischen Bildern inklusive einer 

Skala unterschiedlicher Beeinträchtigungs-Schweregrade (Schadbilder) zuverlässig bewertet und 

erhoben werden konnten. Ein solches Verfahren ist ohne Materialkosten einfach und schnell zu 

verwirklichen und mit reproduzierbaren Ergebnissen anzuwenden. Der Tierwohl-Bewertungsindex 

(Fish Welfare Evaluation Index, fWEI) fasst die äußeren Schäden einschließlich Prävalenz und 

Schweregrad zusammen und kategorisiert Ergebnisse von sehr gutem bis zu geringem Fischwohl. Der 

fWEI kann von Betreibern, Tierärzten, Zertifizierungs- oder Monitoringprogrammen angewendet 

werden. Basierend auf den fWEI-Ergebnissen können, weitere Messungen oder Anpassungen 
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erforderlich werden, um die Ursachen für Beeinträchtigungen des Fischwohls zu ermitteln und 

abzustellen. 

Die Ergebnisse der Dissertation belegen die Wichtigkeit der genauen Erfassung des Fischwohles und 

die Notwendigkeit der Vermeidung externer Schäden von Regenbogenforellen in der Aquakultur. Mit 

dem Anstieg der Aquakultur ist neben Regenbogenforellen das Wohlergehen vieler weiterer 

Fischarten potentiell gefährdet, zumal das Wissen über optimale Haltungsbedingungen etlicher Arten 

sehr begrenzt ist. Äußere Schäden manifestieren eine artübergreifende und auch weltweit gültige 

Beeinträchtigung von Fischen in Aquakultur. Für die nahe Zukunft sollten die Bewertung externer 

Schäden und die Anpassung des fWEI auf andere Fischarten angestrebt werden. Zudem ist zu 

evaluieren, wie bestehende Aufzuchtbedingungen verbessert oder neue Aquakulturanlagen im 

Vorfeld bestmöglich gestaltet werden können um Fischen in Aquakultur optimale 

Tierwohlbedingungen bereitzustellen. 
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