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1 Summary
1.1 Abstract

The main aim of BIORELVANS was to verify the biological relevance of established welfare indicators
suitable for automatic registration, to build a knowledge base for the use of digital welfare records
as a tool for managing production based on biological parameters and outcomes.

A method for tracking individuals and quantifying mouth opening frequency (MOF) was developed in
the project which yielded reliable individual data trajectories. Results validated significant increases
in MOF with higher temperatures, lower oxygen levels and stress, with interactive effects observed
between these factors. Relationships between brain serotonergic signalling (a central coping
response) and respiration emphasize the need for technologies that allow for individual monitoring
rather than relying on group averages. Specifically, the magnitude of the respiratory responses in
response to stressful events, and the time to regain baseline respiration subsequently could provide
information about the welfare impact of the event. Still, further studies linking MOF responses to
other measures of coping capability are needed to understand the link between measured MOF and
welfare impact.

In a study capturing a broad range of visible appearance in sea farmed salmon it was found that low
condition factor reflects reduced stress coping capability, and that other externally visible welfare
indicators (sum of OWI and scale loss %) were increased in fish with low condition factor (in the
range of 0,6-1,1). In addition, notable patterns included the downregulation of genes associated with
inflammation and stress in fish with better welfare. The findings support the existing scientific opinion
that low condition factor is associated with compromised stress coping capability. Other OWI's did
not vary to the same extent and was not found to contribute noticeably to the observed variation in
stress coping capability.

Scale loss received special attention. Key findings from the project , along with those from previous
studies (literature review), indicate that higher levels of scale loss (> 20-30%) than what was
generally observed in commercial scale cages in our studies (6-14 %) may indicate compromised
welfare. Given the rapid healing of epidermis (outer skin layer) and mucus, a threshold for
compromised welfare is likely to depend on the time since scale loss occurred. The level of scale loss
required to pose a risk of pathogen infection is unclear and is likely to vary in response to factors
affecting pathogenicity, but may possibly occur at lower scale loss levels, particularly shortly after
scales are lost. Methods for real-time monitoring of both scale loss degree and scale loss healing
status may improve our understanding of the importance of this welfare indicator for fish health in
the future.

Current commercially available technologies (e.g. camera technology) offer possibilities for real-time
monitoring of condition factor, growth and other relevant welfare indicators such as scale loss, sexual
maturity or wounds. Deviations from expected growth and condition factors provide insights into the
welfare state of the fish. However, it is important to note that changes in growth and condition factor
develop quite slowly and can be caused by multiple underlying factors. One way to enable earlier
identification of compromised stress coping ability, and consequently poor welfare and robustness in
farmed salmon, is to use technology for real-time behavioural measurements, e.g. via cameras
and/or echosounders. Combining information on behaviour (such as respiration frequency, feeding
behaviour or swimming pattern), with environmental sensors and growth patterns (including
condition factor) may provide new insights for future planning of production and operations that
ensures the highest possible welfare status of the farmed fish. Currently, the development of such
information-based precision farming is only at a starting point, and still limited by practical challenges
such as data processing capacity, data storage, and connectivity issues for remote farming facilities.
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1.2 Sammendrag

Hovedmalet med BIORELVANS var & verifisere den biologiske relevansen av etablerte og nye
velferdsindikatorer som egner seg til automatisk registrering. Dette for & bygge en kunnskapsbase
som kan brukes til & utvikle et digitalt verktgy for 8 styre produksjonen basert pa fiskens biologiske
forutsetninger.

En ny metode for & gjenkjenne individer og kvantifisere munndpningsfrekvens (mouth opening
frequency, MOF) ble utviklet i prosjektet. Metoden har blitt brukt til & kartlegge normal MOF i ulike
situasjoner og graden av endring som fglge av miljgendringer og stress. Resultatene viser at MOF
gker med hgyere temperaturer, lavere oksygennivaer og stress, med interaktive effekter observert
mellom temperatur og oksygen. Variasjon mellom individer, og koblingen til serotonerg signalering
i hjernen (en sentral mestringsrespons) understreker behovet for & kartlegge velferdsresponser hos
individer fremfor fokus pa gruppegjennomsnitt. Graden av endring i MOF som falge av hendelser
eller miljgendringer, samt tiden det tar 8 gjenopprette normal respirasjon etterpd, kan gi verdifull
informasjon om velferdspdvirkningen av hendelsen. Videre forskning bgr fokusere pd 8 kartlegge
sammenhenger mellom MOF-respons, fiskens mestringsevne og dermed velferdspavirkningen.

Relasjonen mellom stressmestring og individbaserte operasjonelle velferdsindikatorer (OWI-er) ble
undersgkt i forsgksmerder der det var stor spredning i fiskens ytre karakteristika . Her ble det
konkludert med at kondisjonsfaktoren betydelig pavirket forholdet mellom OWI-er og
stressindikatorer, og at stressmestringsevnen begynner & svekkes hos fisk med K-faktor under 1,0.
Andre karakteristika inkluderte nedregulering av gener assosiert med betennelse og stress hos fisk
med bedre velferd. Oppsummert stgtter funnene oppfatningen om at kondisjonsfaktoren er en
pdlitelig velferdsindikator.

I en studie av sjgoppdrettet laks med stor spredning i ytre karakteristika, ble det funnet at lav
kondisjonsfaktor reflekterer redusert stressmestringsevne, og at andre eksternt synlige
velferdsindikatorer (summen av OWI og skjelltap %) var gkt hos fisk med lav kondisjonsfaktor (i
omradet 0,6-1,1). Endringer inkluderte nedregulering av gener assosiert med betennelse og stress.
Funnene stgtter den eksisterende vitenskapelige oppfatningen om at lav kondisjonsfaktor er assosiert
med kompromittert stressmestringsevne. Andre OWI-er varierte ikke i samme grad og ble ikke
funnet 8 bidra merkbart til den observerte variasjonen i stressmestringsevne.

Velferdsindikatoren skjelltap ble viet spesiell oppmerksomhet i prosjektet. Kombinasjonen av funn
fra laboratorie- og fullskala studier i prosjektet, samt funn fra tidligere studier, indikerer at hgyere
nivder av skjelltap (> 20-30 %) enn det som ble observert i vare studier (inntil 14 % i
gruppegjennomsnitt) kan indikere kompromittert velferd. Gitt den raske tilhelingen av epidermis
(ytre hudlag) og slim hos fisk, er denne terskelverdien sannsynligvis avhengig av tiden siden
skjelltapet skjedde. Nivaet av skjelltap som kreves for 8 utgjgre en risiko for patogeninfeksjon er
uklart og varierer sannsynligvis, men kan muligens oppstd ved lavere skjelltapsnivaer, spesielt kort
tid etter at skjellene er tapt, og under forhold som gker patogeniteten (f.eks. lave temperaturer eller
stress hos verten). Metoder for sanntidsovervdking av bade graden av skjelltap og status for
skjelltapsheling kan forbedre var forstdelse av viktigheten av denne velferdsindikatoren for fiskehelse

Ndveerende, kommersielt tilgjengelig teknologi (f.eks. kamerateknologi) tilbyr muligheter for
sanntidsovervaking av kondisjonsfaktor, vekst og andre relevante velferdsindikatorer som skjelltap,
kjgnnsmodning eller sar. Avvik fra forventet vekst og kondisjonsfaktor gir innsikt i fiskens
velferdstilstand. Det er imidlertid viktig 8 merke seg at endringer i vekst og kondisjonsfaktor utvikler
seg sakte og kan veere forarsaket av flere underliggende faktorer. En mate 8 identifisere negativ
utvikling tidligere pd er & bruke teknologi for sanntids adferdsmaling, f.eks. ved hjelp av videoanalyse
og/eller ekkolodd. Ved 8 kombinere informasjon om atferd (f.eks. respirasjonsfrekvens, féringsatferd
eller sysmmemgnster) med miljgsensorer og vekstmgnstre (inkludert kondisjonsfaktor) kan man &
ny innsikt om fiskens respons og velferdsutvikling, som muliggjgr utvikling av produksjons- og
hdndteringsstrategier som gker velferd hos oppdrettsfisk. For gyeblikket er utviklingen av slik
informasjonsbasert presisjonsoppdrett bare i startfasen, og fortsatt begrenset av praktiske
utfordringer som databehandlingskapasitet, datalagring og tilkoblingsproblemer for avsidesliggende
oppdrettsanlegg.
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2 Introduction

2.1 Background of the project

Norwegian salmon farming has established some of the world's most efficient fish production systems
over the past few decades and is currently characterized by innovative and highly technology-driven
development in production methods, efficiency, and management and control systems. Nevertheless,
intensive production of recently domesticated fish species can create suboptimal production
environments where disease, parasites, and stress occur. Close monitoring and oversight of welfare
are therefore an important part of the operation in today's aquaculture industry. This work typically
relies on scoring of fish welfare using established welfare indicators. Animal-based welfare indicators
such as physiological measures, appearance, external injuries, condition, and behavior usually only
reflect issues after they have arisen, and considerable experiential knowledge is required to make
predictions on which to base production decisions. Sensors and systems for continuous and
automated monitoring of farmed fish are rapidly being developed today. However, there is a critical
lack of knowledge regarding the relevance of such data in relation to the biological condition of the
salmon, their reliability, repeatability, and suitability as indicators to fulfil the welfare needs of fish
in a specific farming system or routine.

In this project, the aim is therefore to verify the biological relevance of established welfare indicators
suitable for automatic registration, to build a knowledge base for the use of digital welfare records
as a tool for managing production based on biological parameters and outcomes (Fig. 1).
Neurobiological and molecular biological indicators of reduced stress coping ability will be related to
digitally and manually recorded welfare indices, aiming to verify the relevance of different WI's to
production outcome. The project builds directly on and has implemented results from the project
group's previous and ongoing research on the development of operational welfare indicators (WI) for
farmed salmon, automatic registration of WIs and production parameters using machine vision and
artificial intelligence (AI) technology, as well as fundamental research on the relationship between
stress coping ability, welfare, and health status in fish.

The results are communicated to industry stakeholders and regulatory bodies through platforms

established in this and parallel projects within the consortium, with the aim of direct implementation
towards maintaining fish welfare at the highest possible level.

BIORELEVANS

External welfare
parameters (OWIs)

Threshold values AI!

Iila’ Automnatic recognition ‘QI

Figure 1. Theoretical approach of Biorelevans.

2.2 Scope of the project

The project was financed by the Norwegian Seafood Research Fund (FHF) with the total budget of
7550000 NOK. The project started January 2022 and the end of the project period was extended
from December 2023 to October 2024 due to need for extra data collection.
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2.3 Project organisation

The project was coordinated by NMBU, with @yvind @verli and Judit Vas (from May 2023) as project
managers. The project group included researchers from NMBU, SINTEF Ocean, Akvaplan-NIVA and
NIVA.

The activities were organized into four work packages:

Work package 1: Biological validation of specific welfare indicators
WP Leader: NIVA

Contributing partners: Akvaplan-NIVA, SINTEF Ocean, NMBU

Work package 2: Validation of visual evaluation of welfare indicators on full scale
WP Leader: SINTEF Ocean

Contributing partners: Akvaplan-NIVA, NIVA, NMBU

Work package 3: Practical use of WIs in decision making

WP Leader: Akvaplan-NIVA

Contributing partners: SINTEF Ocean, NMBU, NIVA

Work package 4: Dissemination to end-users and administration
WP Leader: NMBU

Contributing partners: NIVA, Akvaplan-NIVA, SINTEF Ocean

2.3.1 Project group

Main researchers

Judit Vas - NMBU

@yvind @verli - NMBU

Erik Hoglund - NIVA, University of Agder
Mette Remen - Akvaplan-NIVA, SINTEF Ocean
Christian Schellewald — SINTEF Ocean
Harald Ian Muri - SINTEF Ocean

Ola Kvaal Brandshaug - Akvaplan-NIVA
Ane Vigdisdatter Nytrg — Akvaplan-NIVA
Ida-Charlene Dalan - Akvaplan-NIVA

Additional contributors to the project

Christina Sgrensen, Tosca B. L. Koers, Mikkel Gunnes, Ole Folkedal, Evelina Green, Louise Olsen
Methlie Wedaa, Hannah Normann Gundersen, Elise Thovsland Sannes, Espen Berntzen Hggstedt, Jon
Magnus Mathisen Lauvrak

2.3.2 Reference group

The following persons supported the project as members of the reference group:

Ragna Heggebg - Grieg Seafood
Karin Bloch-Hansen - Lergy Aurora
Marianne Halse - Salmar

From FHF: Renate Johansen, Sven Martin Jgrgensen
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3 Objectives

Main Goal

To provide the necessary biological knowledge base for the implementation of automated health
and welfare registrations for salmon in aquaculture.

Subgoals (related to work packages)

1. To verify that selected indicators are relevant for health and welfare, defined as the fish’s
immune status and ability to cope with its environment.

2. To collect automatic and manually verified measurements of selected WIs from practical
large-scale aquaculture and analyse their relationship to environmental and production
data.

3. To establish practically implementable threshold values for when different indicators reflect
normal conditions in relation to welfare-requiring circumstances for salmon in food fish
production.

4. To ensure effective communication and information dissemination, as well as project
administration.
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4 Project execution

BIORELEVANS aimed to reach their objectives with application of various methods and approaches
(Fig. 2).

Data collection in WP1 contributed to evaluation of validity and reliability of specific welfare
indicators. Methods were based partly on standardized experiments at a research facility to ensure
high scientific quality, and partly on data collection from a semi-commercial field production unit to
secure data distribution relevant for producers with the goal of defining threshold values relevant for
fish industry. All the research procedures were approved by the Norwegian Food Safety Authority
and followed the 3R-principles. The collected variables included manually and automatically collected
welfare indicators, and indicators based on morphology, physiology, behaviour, gene expression and
growth.

WP2, evaluation of specific welfare parameters on full-scale, was based on data collected in sea cages
at several locations and during a longer time period. Data used for examining relationship between
scale loss and other environmental conditions and mortality were benefitting from photos and data
collected in other project (PROLAKS) with another goal and analysed with a different approach here.

Review of the available technologies and evaluation of welfare parameters (WP3) was based on
expertise in the consortium, direct conclusions from WP1 and WP2, in addition to information
provided by representants from companies delivering automatic registration of welfare indicators to
customers in Norway.

Results, approaches and conclusions got disseminated via personal networks, scientific papers,
interviews, at conferences and workshops, and on social media (WP4). Personal involvement in other
FHF projects ensure dissemination across projects.

/

/\ WP1. Validation WP2.
ﬂ in standardized | p—) ‘_ Relationships on

experiments ——— |2rJE sCale

e WP4.
| Dissemination

WP3.

Threshold
=~ | = values and

technology /

Figure 2. Overview of Biorelevans Work Packages (WP) aligned with defined subgoals.
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5 Findings, discussion and conclusions

5.1 WP1 Biological validation of welfare indicators based on
morphology

This work package (WP) focused on investigating the relationship between on farm fish based
morphological welfare indicators (OWIs; LAKSVEL; Nilsson et al., 2022) and physiological indicators
of stress coping capability. The OWIs, such as snout damages, skin bleeding, eye damage, and
cataract, were evaluated on-site. Other indicators, including scale loss, fin damage, and deformities,
were scored based on photos taken on-site. Use of a photo box developed by Akvaplan NIVA ensured
high-quality pictures optimized for evaluating scale loss under standardized settings. This enabled
automatic quantification of scale loss as well as manual welfare scoring. Moreover, the photos were
used for quantifying interobserver reliability and observer drift in manual scoring of OWIs.
Furthermore, methods for video based automatic individual recognition and registration of breathing
frequency were developed.

Results presented here are based on three studies (Fig. 3):

e Study 1: Atlantic salmon were kept in small group sizes to provoke aggression and variation
in welfare status. Differences in fish based OWIs were then related to individual variation in
hormonal and neurochemical indicators of stress coping capability.

e Study 2: Investigating if automatic registration of breathing frequency could detect changes
induced by temperature and hypoxia. Furthermore, relations to aggressive behaviour and
hormonal neurochemical indicators of stress coping capability were investigated. In this study
salmon were kept in small groups at three different water temperatures and exposed to acute
hypoxic conditions during two periods.

e Study 3: Investigating the relationship between fish based morphological OWIs and
neurochemical indicators of stress coping in sea ranged salmon.

WP1
i ) B
—g OWIs @
- e : :/ Growth
= Scale loss
© il —
=] = ? Social behaviour Iilil
G [ 3 Stress physiology
_ r . 4
4 - N/T == %* Mouth-opening frequency @\
’:...,- —) — :/ OWIs
c; e —— Growth
S > | — )., = Scale loss ]ﬂl
& =i 2 = Social behaviour
g - - O
,:;-w — S .:; - Stress physiology [ 7
\ - =4 \ Gene expression - immunology g /
- A e ®
= Owis @
= Weight
Scale loss ]-i-li-l
Stress physiology
Gene expression - immunology
N\ A

Figure 3. Overview of WP1 studies: applied methods and measured outcomes
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5.1.1 Biological evaluation with stress-tests and immune status

Study 1. Fish-based OWIs and physiological parameters under
controlled conditions

Materials and methods

Subjects and housing

Before experimentation, fish were kept in 1500 L tanks at density of 7-11 kg m-3. At the start of the
experiment fish densities were lowered to about 3.2 kg m-3 by allocating seven randomly selected
fish to each tank. Fish were fed according to common procedures, 0.7% of body weight with
commercial feed (Spirit Supreme Plus from Skretting AS, approximately 45% protein, 25% fat, 23
MJ/kg) during the experimental period.

Experimental setup

Pit tagged post smolt were kept in small group sizes, consisting of seven individuals in nine 1.0 m3
tanks, for four weeks (18 May - 10 June 2022) (Fig 4.). This to provoke aggression and variation in
welfare status. Fish weighed 661.8 = 100.7 g and were 36 £ 1.7 cm long at the beginning of the
experiment. The rearing system was a flow-through system, fed with water from 60 m deep in the
Oslo fjord. Fish were fed pellets (Spirit Supreme Plus from Skretting AS, approximately 45% protein,
25% fat, 23 MJ/kg) three times a day (at 10:00, 12:00 and 14:00). The temperature of the water
was around 8 °C during this period.

Figure 4. Overview of the nine tanks with seven fish in each in Study 1.

In the end of the four weeks period fish were exposed to a standardized stress test (e.g. Basic et al.
2013, Hoglund et al. 2020, Johansen et al. 2012, Vindas et al. 2016, @verli et al. 2004). In short,
the water was lowered in the tanks, reaching just over the back of the fish. After being kept in
lowered water for 45-60 min, the fish were anesthetized with MS 222 (0.5 g/L), measured, weighed,
OWI scored. And so, blood (approximately 0.1 mL) was collected from the caudal vasculature of fish
using a syringe pre-treated with heparin, whereupon the fish were humanely killed by decapitation
and the brain stem quickly dissected out from. Blood samples were rapidly transferred to Eppendorf
tubes and centrifuged at 1500g for 10 min at 4 °C. Following centrifugation, blood plasma samples
were frozen on dry ice and stored at —80 °C. Dissected brain stems were wrapped individually in
aluminum foil, frozen on dry ice, and stored at —80 °C.

Fish-based OWIs

At the start and end of the experiment each individual fish was photographed for later welfare
scoring, weighed and length measured. The external welfare parameters were scored at site
according to the Fishwell protocol (skin bleeding, eye haemorrhaging, eye exopthalmia, snout

10
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wounds). Photographs were later scored for the Laksvel parameters (Noble et al., 2018) (each score
0-3 in theory, in total 13 parameters). Scoring welfare based on photos ensured that fish were
returned from anaesthesia as soon as possible.

Analysis of plasma cortisol and 5-HT neurochemistry

The frozen brain stem samples were homogenized in 4% (w/v) ice-cold perchloric acid (PCA)
containing 0.2% EDTA and 94.2 ng mL~1! of 3,4-dihydroxybenzyl amine
hydrobromide deoxyepinephrine (the internal standard), by using an MSE 100 W ultrasonic
disintegrator. Prior to analysis, each sample was thawed on ice, and centrifuged at 17000 rpm for
5 min. Then its supernatant was removed, from which 5-HT and its principal catabolite, 5-
hydroxtrindolaceticacid (5-HIAA), were quantified using high-performance liquid chromatography
(HPLC) with electrochemical detection. The HPLC system consisted of a solvent-delivery system
(Shimadzu, LC-10AD), an auto injector (Famos, Spark), a reverse phase column
(4.6 mm x 100 mm, Hichrom, C18, 3.5 um) and an ESA Coulochem II detector (ESA, Bedford, MA,
USA) with two electrodes, at —40 and +320 mV. A conditioning electrode (ESA 5020), with a potential
of +400 mV, was employed before the analytical electrodes, to oxidize any possible contaminants
present. The mobile phase consisted of 86.25 mM L~ of sodium phosphate, 1.4 mM L-! of sodium
octyl sulfate and 12.26 uM L' of EDTA in deionized (resistance 18.2 MW) water containing
7% acetonitrile brought to a pH of 3.1 with phosphoric acid. Samples were quantified by comparison
with standard solutions of known concentrations and corrected for recovery of the internal standard
using the HPLC software (CSW, DataApex Ltd, Czech Republic).

Behavior

Recorded fish behavior was analyzed manually. Melanin spot patterns in the skin were used to identify
individuals during behavior analyses (for illustration of consistency of spot pattern, see Fig 5.). Bites
and chases received and performed were quantified. Bite was defined as an individual biting the
other fish (typically at the rear part of the body) with visible physical contact. Chase was defined as
the initiator fish swimming fast (darting) towards a recipient fish without physical contact. Both bites
and chases were followed by a quick escape attempt by the recipient.

Fish Start End
#1

#1

#2

#2

#3

#3

Figure 5. Photos taken of three fish at the start and end of Study 1.

Statistical analyses

Differences in fish-based OWI scores before and after being reared in small groups were investigated
using Wilcoxon matched-pair tests. Furthermore, if a significant effect of small group rearing was
detected in an OWI score, its relationship with social aggression was investigated using Spearman

11
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rank correlation. The relations between Fish-based OWIs and neuroendocrine stress response were
investigated by Pearson correlation analyses.

Results and discussion

Rearing effects on Fish based OWIs

The condition factor (Fulton’s condition factor; K=weight x Length-3) spanned between 1.2-1.7 before
and after the fish were kept in small groups. Since K>1.1 have been suggested to indicate good
welfare, the K values in this study suggest a relatively good welfare state of the fish. This is further
supported by the fish based OWIs: eye damage, gill status, gill deformities, emaciation and vertebral
deformity, and sexual maturation, all indicating no negative effects on welfare (scored 0). However,
other OWIs (first impression, scale loss, skin bleeding, lesions, wounds, snout damage, and fin
damage) suggest impacts on welfare. Furthermore, skin and fin damage changed over time,
indicating a decrease in welfare during the study period (Fig. 6). The fact that scale loss and fin
damage were not related to aggressive acts (Fig. 7) suggests that these OWIs are more related to
rearing conditions than to aggression between individuals in the small groups of fish.

12
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D Before small group rearing .After small group rearing

45 A: Firstimpression B: Scale loss
40
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Figure 6. Fish based OWIs indicating compromised welfare before and after being reared in groups
of seven fishes in nine tanks. P<0.05 indicate change over time.
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Figure 7. Change in scale loss (A) and in fin damage (B) OWI score in relationship with aggressive
acts (chase+bites) received in post smolt Atlantic salmon kept in groups of seven during a four weeks
period.

Relations between Fish based OWIs and the neuroendocrine stress response

In this study, K was not related to cortisol or brainstem 5-HT neurochemistry after exposure to a
standardized stress test (see Table 1 and Fig. 8). Considering that K > 1.1 was observed in the
present study and is an indicator of good welfare, this suggests that the fish in the present study
have a non-compromised stress coping capability.

Table 1. Relationships between plasma cortisol and brain stem neurochemistry (5-HT and 5-HIAA
concentrations, and the ratio between them), and condition factor (K) and sum of fish based OWIs
in post smolt Atlantic salmon reared in groups of seven individuals in four weeks

K factor Sum OWIs
[5-HIAA] R=-0.0553, P<0.73 R=-0.45, P<0.01
[5-HT] R=0.21, P<0.20 R=-0.27, 0.092
[5-HIAA]/[5-HT] R=0.043; P<0.80 R=-0.36, P<0.05
Cortisol R=0.30, P<0.06 R=-0.14, P<0.40
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Figure 8. Relationships between plasma and brain stem [5-HIAA] concentration(A), [5-HIAA]/[5-
HT] (B) and plasma cortisol (C), and sum of fish based OWIs in post smolt Atlantic salmon reared
in groups of seven individuals in four weeks.

There was no significant relationship between % scale loss registered with annotations and 5-HIAA/5-
HT in the brain stem (P>0.05). The sum of fish-based OWIs was negatively related to brainstem 5-
HIAA and the 5-HIAA/5-HT ratio after the fish were exposed to the stress test (Table 1 and Fig. 8B).
This finding contrasts somewhat with other studies suggesting that chronic stress and compromised
welfare do not induce changes in brainstem 5-HT activity in fish exposed to acute stress.
Furthermore, other studies have shown that fish exposed to repeated or chronic stress respond with
a dampened cortisol response to a superimposed acute stressor. This suggests that a negative
relationship between cortisol responsiveness to the stress tests and the sum of OWIs should be
present. However, we could not detect such a relationship in the present study.

Conclusion

Taken together, generally welfare scores, the neuroendocrine state of the fish and its relation to the
sum of OWIs and K suggest a generally good welfare of the fish in Study 1. This low variability in
welfare scope in the study population led to limited generalizability of the results to full-scale
production conditions.
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Study 2. Automatic registration of breathing frequency at different
temperatures and relations to fish welfare

Material and methods

Subjects
Experimental fish were post smolt Atlantic salmon (Salmo salar) weighing 712.6 + 10.8 g (mean %
SE). Beside from water temperatures, fish were housed similarly as in Study 1.

Experimental set up

Fish were allowed to acclimatize for 13 days in the tanks filled with unheated water from the Oslo
fjord with a temperature of approximately 8 C° at the beginning of the acclimation period and stayed
relatively stable within this period. Thereafter, the temperature for three treatment groups (three
tanks each) were set to have the nominal temperatures 12 C° (Low; L); 15 C° (Middle; M) and 18 C°
and (High temperature; H). This was done by aiming to increase the temperature by 0.5 °C/day (M)
or by 1 °C/day (H) until they reached their nominal temperatures. Because of natural fluctuation in
the inflow, the actual temperatures deviated somewhat from nominal values (Fig. 9). Temperature
and oxygen levels were registered and monitored online in one tank per treatment by the Piscada's
platform at SINTEF ACE. Offline measurements of all tanks were performed with MiniDOT oxygen
and temperature loggers inserted. These loggers recorded dissolved oxygen and temperature at one-
minute intervals. Moreover, oxygen levels and temperature were manually registered several times
during the hypoxia challenges in all tanks.
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Figure 9. Temperatures and oxygen saturation levels in tanks with the nominal temperatures 12 (L),
15 (M) and 18 (H) C°

One day and eight days after the nominal temperatures were reached in the M and H treatment
groups (on days 21 and 28), fish were exposed to a hypoxia challenge. The L treatment group was
exposed to this challenge the day after the M and H groups. Hypoxia was induced by turning off the
inlet water and removing the air stone or extra oxygenation until the fish respired down to oxygen
levels of around 40% saturation in the L and M groups, and 50% in the H group. Thereafter, oxygen
levels were restored by opening the inflow of water and reestablishing oxygenation. Respiring down
to the targeted oxygen saturation levels took about 3.5 hours in the H group, 4.5 hours in the M
group, and 5.5 hours in the L group.

After being kept at the nominal temperatures for 16 or 17 days, fish were sampled (the tanks were
sampled in succession over two days) as described in Study 1. In study 2, seven fish from each
treatment (two or three fish per tank) were sampled before the stress tests to serve as unstressed
controls. The remaining fish were exposed to a standardized crowding stress (see Study 1).
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Assessment of OWIs

At the start and end of the study period, each fish was assessed for their OWIs and measured
length and weight as described at Study 1 with a combination of on-site and photo-based
assessments.

Analysis of behavior

Fish were filmed daily with two Go-Pro cameras in each tank around feeding time (9:30-10:30) and
were filmed continuously (with short breaks for battery exchange after approximately 1 hour of
filming) during the two down-breathing periods. Agonistic social interactions (including chases and
bites) were registered in a subset of videos as in Study 1.

Analysis of plasma cortisol and 5-HT neurochemistry
Blood and brain were sampled and later analyzed as described in Study 1.

Individual recognition and automatic analysis of mouth-opening

A framework for recognizing individual salmon and analyzing respiration through mouth-opening
frequency (MOF) was designed specifically the present aquaculture environment This framework
consisted of multiple consecutive modules,allowing the monitoring of individual salmon in tanks with
relatively small groups of fish. Details are provided in Hggstedt et al. (2024) which describes this
novel computer vision framework—referred to as SaBRE (Salmon Breathing Rate Estimation)—for
recognizing individual salmon and analyzing respiration through mouth-opening frequency in. In
short, the framework starts with individual fish detection and exploits a Keypoint RCNN model for
following the mouth motion. This model is fine-tuned on the gathered dataset of filmed salmon,
enabling the localization of specific landmarks, such as the eye, upper and lower jaw and points on
the fish body helping to cope with different poses of the salmon. The pose-corrected melanin pattern
in the thorax region of the fish was used to re-identify the seven individuals within the tanks. MOF
was followed on an individual basis, continuously during the hypoxia challenges and individual
trajectories could be traced (Fig. 10).
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Figure 10. Illustration of change in mouth-opening rates in the seven individuals (A-G) of one tank
during one down-breathing day. Battery in the cameras were changed at the beginning of each hour
and the 1-hour videos recorded were divided into 5 to 7 periods each for analysis.

Statistical Methods

Temperature was treated as a categorical variable in the analyses, and the oxygen level was divided
into categories of bellow 40%, 40-60%, 60-80%, and 80-100% dO2. Observations at dO2 below
40% were not used in the statistical analyses. Insertion of a go-pro camera in the tanks was regarded
as human disturbance and videos were divided into periods within 12 minutes from camera inset
("disturbed”) and outside this period (“resting”).

Linear mixed models were applied to test effect of temperature and oxygen level on MOF during the
first and second day of down-breathing, where the interaction between temperature and oxygen
level was also included to the model, together with fish as random factor. Only Resting periods were
used.

When examining effect of disturbance on MOF, we used data from 80-100% oxygen level.

Temperature in interaction with disturbance was added as explanatory variable, and fish was included
as random factor in our general linear mixed model.
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To investigate the relationship between MOF and individual-based welfare and performance, we
performed correlation analyses (Spearman rank correlation, R package Hmisc) between sum OWI
scores, production parameters (weight, condition factor, SGR), physiological values (blood serum
cortisol, and serotonergic activity in the brain stem) and MOF variables. Each individual s average
MOF at highest oxygen level and undisturbed condition (Resting rate), and the change in MOF after
human disturbance (Change to disturbance=Resting rate-Disturbed rate), and the change in MOF
between highest and lowest oxygen level was calculated (Change to hypoxia).

Results

As in Study 1, the OWIs (scores 0-1) suggested a generally good welfare of the fish. In general,
welfare states improved during the study (lower scores given at the end). The Specific Growth Rate
(SGR) was 0.29+0.02 (range: -0.13-0.58) during the study period.

Effects of temperature and oxygen levels

During the hypoxic challenge 1 we found increasing MOF at higher temperatures (Chi?2=44.251, df=2,
p<0.0001) and lower oxygen levels (Chi’2= 927.109, df=2, p<0.0001), and these factors had an
interactive effect (Chi’?=13.470, df=4, p=0.0091) without influencing general trends. Namely, the
MOF was higher in High compared to Medium and Low, later two being comparable at all oxygen
levels. Within all temperatures, there was increasing MOF with decreasing oxygen levels (Fig. 11a).

Similar pattern was found for the second down-breathing day (Temperature Chi2=12.007, df=2,
p=0.0025; Oxygen Chi’= 797.064, df=2, p<0.0001, Temperature*Oxygen: Chi?=12.842, df=4,
p=0.0121), but on this day, the MOF observed at the different temperature treatments was
comparable at 40-60% and 80-100% oxygen levels, while at 60-80% oxygen MOF in High was higher
compared to Medium, Low being comparable to both. The general increasing MOF with decreasing
oxygen level was significantly different between all observed oxygen categories within Low and within
High, but in Medium, 60-80% and 80-100% were similar to each other and both lower than MOF at
40-60% (Fig. 11b).

For an overview about mean MOF values measured under different temperatures and oxygen levels
including both disturbed and resting conditions, see Table 2.
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Figure 11. Observed mouth-opening frequencies in fish kept at Low, Medium and High temperature and
exposed to various levels of hypoxia on two different days.

Table 2. Automatic registered mouth-opening frequencies at various temperatures at different oxygen levels
(mean£SD, number of data points). Data include both resting and disturbed conditions.
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Low Medium High
Hypoxia Hypoxia Hypoxia Hypoxia Hypoxia Hypoxia
challenge 1 challenge 2 challenge 1 challenge 2 challenge 1 challenge 2
12.2-12.4 (°C) | 13.4-13.5(°C) | 13.9-14.1 (°C) | 15.5-15.6 (°C) | 15.8-16.0 (°C) | 17.5-17.8 (°C)
40-60% 1.55+0.20 Hz 1.51£0.20 Hz 1.56+0.21 Hz 1.52+0.19 Hz 1.76+£0.18 Hz 1.58+0.20 Hz
- (N=413) (N=509) (N=469) (N=437) (N=293) (N=280)
g;,, 60-80% 1.374£0.19 Hz 1.36£0.20 Hz 1.46%£0.19 Hz 1.33+£0.16 Hz 1.58+0.21 Hz 1.43£0.15 Hz
s (N=481) (N=325) (N=304) (N=543) (N=392) (N=475)
80-100% 1.31£0.22 Hz 1.2840.22 Hz 1.37+£0.21 Hz 1.30£0.18 Hz 1.49£0.21 Hz 1.39+0.17
(N=233) (N=101) (N=93) (N=165) (N=174) (N=140)

Effect of human disturbance

Higher MOF was found under disturbed compared to resting conditions at the Low and High groups,

but not

in the Medium group (disturbance:

Chi’2=110.662, df=1,

p<0.0001;

temperature:

Chi?2=22.568, df=2, p<0.0001, disturbance*temperature: Chi2=11.690, df=2, p=0.0029, Fig. 12).
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Figure 12. Mouth-opening frequences at different water temperatures (Low, Medium, High) with (Disturbed) or
without human disturbance (Resting) at highest oxygen levels (80-100 %). Differences between Resting and
Disturbed within temperature are indicated.

Relation to fish performance and welfare

Whereas there was not any association between the measured mouth-opening parameters and
condition factor, weight, SGR or cortisol (Table 3), fish showing higher increase in MOF in relation to
human disturbance or hypoxia had higher serotonergic activity in the brain stem (Fig. 13).
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Table 3. Correlations between mouth-opening parameters, total OWI score, production variables (condition factor,
weight, specific growth rate) and physiological stress parameters (blood serum cortisol, serotonergic activity in
the brain stem). Resting rate is mouth-opening frequency measured under high oxygen levels in undisturbed
conditions. Change to disturbance is change in mouth-opening rate from Resting rate after human disturbance
and change to hypoxia refers to change from Resting values to when oxygen level was the lowest.

Change to

Resting rate disturbance hypoxia
B P 0.226 0.744 0.497
Uziibb o Rho  -0.184 -0.065 0.122
N o 0.415 0.542 0.803
Hebllelis s o 0.120 0.045
. P 0.924 0.918 0.970
LG Rho  0.015 0.020 -0.007
; P 0.568 0.743 0.506
el Rho  0.087 0.065 0.120
Cortisol® P 0.252 0.523 0.408
ortiso Rho  -0.316 0.267 0.263
. P 0.498 0.180 0.031
3-HIAA Rho  -0.190 0.527 0.620
5.HT® P 0.458 0.507 0.721
Rho  0.208 20.277 0.116
P 0.272 0.039 0.004

b
S-HIAASS-HT Rho  -0.303 0.733 0.761
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Figure 13. Correlation between serotonergic activity in the brain stem and reaction to human disturbance and
hypoxia measured as change in the mouth-opening frequence
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The effect of temperature on development of OWIs, agonistic behaviour and gene expression
patterns can be found in Appendix I.

Discussion, conclusion and further implementation

The expected relationships between respiration, temperature, and oxygen levels were reflected in
the automatic registration of MOF, verifying it as a proxy for respiration. This method uncovered a
remarkable interindividual variation in respiratory responses to human disturbances, such as in-tank
camera changes. Furthermore, individual MOF responses to disturbances covaried with brainstem
serotonergic activity. This suggests that changes in respiration at the individual level may serve as
a valid and reliable indicator of individual stress levels and coping abilities. Specifically, the magnitude
of the respiratory responses and the time to regain baseline respiration after treatments and/or
handling could provide information about the welfare impact of the event. Still, further studies linking
MOF responses to other measures of coping capability are needed to verify it as a welfare indicator.
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Study 3. Biological verification of welfare indicators in sea ranged salmon

Materials and methods

In October 2023, the research station of the Institute of Marine Research at Austevoll (Fig. 14),
Bergen was visited with the goal to sample Atlantic salmon from a semi-commercial environment
with a suspected wider range of welfare states. This study completed Study 1 and 2 and was added
to the project later to compensate for the low variation in welfare states in those. On the first study
day (9 October), 21 fish were sampled from two sea cages in parallel to the lice count study of the
Institute of Marine Research in the same sea cages. Here, the fish were carefully more confined by
pulling the cage net closer (see Fig. 11). Focal fish spotted from the side were taken out and
humanely euthanised. Fork length and weight was measured, photo from both sides were taken with
the photo box developed by Akvaplan-niva, skin bleeding, snout damage and gill status scored on
site (as described in LAKSVEL). The photos were later analysed for scale loss (%), using the method
developed by Fjorden (2024), and the remaining LAKSVEL indicators of welfare. After that, blood
was taken from the caudal vein, brain dissected (telencephalon, brain stem, hypothalamus saved
separately), and sex determined after opening the abdomen. Time when blood was taken was noted
down. The detailed method for taking brain and blood samples, and handling of the samplings
including preparation, storage and analysis as described at Study 1 and 2. On the second study day
(10 October), further 40 fish were sampled in a similar way, but without the Institute for Marine
Research performing lice counting. These fish were sampled from four sea cages, and on this day,
the time of the beginning of the confinement was also noted down in addition to the blood samples
taken.

Figure 14. Study site with a space-restricted sea cage before sampling of fish.

Fish from sea cages were not randomly chosen for sampling, but with the goal of screening the whole
range of welfare aspect, picking fish with very low through normal to high condition as could be
assessed from the side of the cage. This resulted in a sample population of the condition factor 0.61-
1.73 (mean: 1.18, see Fig. 15, Fig. 16). In the sea cages sampled randomly by the Institute of Marine
Research and selectively by Biorelevans, our sample had significantly lower condition factor values.
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Figure 15. The distribution of weight, fork length and condition factor in Study 3.

Statistical methods

A principal component analysis (PCA) was performed to investigate potential relationships between
the neuroendocrine stress response (5-HT neurochemistry and plasma cortisol), and fish based
OWIs, scale loss and condition factor. The cluster describing most of the variation was the one
analysed further for eventual relationships between OWIs, scale loss and the neuroendocrine stress
response. Moreover, to investigate if the relationship was constant, correlation analyses of the first
quartiles were compared to correlation analyses of the remaining 75% of the data.

Figure 16. Fish representing various condition factors: 0.61 (a); 0.83 (b); 1.00 (c); 1.21 (d); 1.41 (e); 1.73 (f).
Pictures do not reflect actual size differences between fish, as pictures were standardized to an approximately
even fish length to illustrate different weight-length ratios in a more comprehensive way.

Results

The first two dimensions in the PCA, investigating potential relationships between the 5-HT
neurochemistry, cortisol and fish based OWIs, explained 55.4% of the total variation (Fig. 17). A
plot of these two dimensions (Fig. 18) demonstrates that the fish-based OWIs are related to
brainstem 5-HT neurochemistry (dimension 1), while telencephalon 5-HTergic neurochemistry is
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more related to crowding time and plasma cortisol levels (dimension 2). This suggests that brainstem
5-HTergic neurochemistry is related to chronic stress, whereas 5-HTergic neurochemistry in the
telencephalon is more related to acute stress coping.

Percentage of explained variances

i 2 3 i 5 ] 7 8 9 10
Dimensions

Figure 17. Dimensions and their contributions in explaining the variation in a PCA, investigating relationships
between 5-HT neurochemistry, plasma cortisol levels and fish based OWIs.

Variables - PCA

1.0-

Tel 5-H IANS-HT
~Tel 5-HRAA 1 |
]
Crowding time al
05- risol Bs 5-HT
:
= ' Bs 5-HIAA
g /’ﬁ,""”/S”T I :
) cale loss
g 00— -Length _ _ Tel 5-HT Whstmr——"">__ _
= —
£ V.}w Bs 5 HIAA/S-HT
o ondition factor !
i
-0.5- :
1
1
1
i
]
1.0- ¢
1.0 05 0 05 10

Dim1 (36.5%)

Figure 18. Contributions of different factors to the two dimensions explaining most of the variation in the PCA
investigating relationships between weight, condition factor, sum of fish-based OWIs, plasma cortisol, and
serotonergic neurochemistry in the brainstem and telencephalon. This includes serotonin (5-HT), its immediate
metabolite 5-Hydroxyindoleacetic acid (5-HIAA), and the ratio between them (5-HIAA/5-HT) in sea-ranched
salmon that were crowded for 20-60 minutes before sampling.

To further investigate the relationships between parameters having the highest contributions to
dimension 1 and chronic stress (Fig. 19), we examined the condition factor (including both length
and weight) in relation to scale loss, the sum of OWI scores, and brainstem [5-HAA] concentrations
and the [5-HIAA]/[5-HT] ratio. Additionally, condition factor data was divided into quartiles, and
correlation analyses between the parameters in each quartile were performed. The data indicated
that the relationships between condition factor and scale loss, the sum of OWI scores, and brainstem
[5-HIAA]/[5-HT] ratio change in 25 % of the fish having the lowest condition factor (Fig. 20).
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Figure 19. Contribution of different variables explaining variation in the first two dimensions of the PCA
investigating relationships between 5-HT neurochemistry, plasma cortisol levels and fish based OWIs.
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Figure 20. The condition factor in relation to brain stem 5-HTergic neurochemistry ([5-HIAA] and [5-HIAA]/[5-
HT] ratios), scale loss, the sum of OWI scores. This analysis was conducted on fish with a low condition factor

(the lowest 25%; ~* ) compared to the remaining 75% of the sampled fish ( ~ ).

Gene expression

To further investigate gene expression in fish with highest and lowest welfare status, RNA was
extracted (by CIGENE at NMBU) from the hypothalamus and mRNA sequenced (by BKMGene, 6 GB,
20 M reads, for the detailed method, see Appendix II.). As a standard procedure, gene expression
patterns in males and females, fish sampled on the first and second sampling day were compared,
and as found similar, these variables were not included in the final analyses. The formerly used
welfare parameters, scale loss scored manually, condition factor, sum of welfare scores given, and
scale loss detected automatically with computer were used as grouping variables in addition to
serotonergic activity (5-HIAA/5-HT) in the telencephalon and brain stem. Within each variable, the
five fish with highest estimated welfare (A), five with lowest (C) and five at the median (B) were
identified and these groups compared pair-wise for gene expression (Table 4). Differential gene
expression in general, and more specifically in genes proposed earlier as candidate markers of viral
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(VRG) or bacterial (BACT) infection, inflammation (INF) or stress (STRESS) in Atlantic salmon
(Krasnov et al., 2021) were explored.

Table 4. Number of differently expressed genes when comparing groups with best (A), medium (B) and worst
(C) welfare categorized along seven variables.

Genes of specific

Total genes* interest®

Variable Measurement AvsB BvsC AvsC AvsB BvsC AvsC
Scale loss Scored manually as in LAKSVEL 0 3 6 0 0 0
Total welfare score Sum of scores given for 14 indicators 5 = = i i 5

as in LAKSVEL

. |5cale loss % recognized by computer

Scale loss automatic | 167 7 100 4 0 3

vision
Condition factor Calculated from weight and length 0 34 13 0 1 3
BS serotonergic 5-HIAA/S-HT in the brain stem 21 23 120 2 0 5
TEL serotonergic 5-HIAA/S-HT in the telencephalon 38 10 | 1933 0 0 26
Cortisol Cortisol in blood serum 4 1 413 0 0 5

! Total number of differently expressed genes when comparing two groups

? Number of differerntly expressed genes listed in Krasnowv et al 2021

Regarding scale loss scored manually, there were hardly any differentially expressed genes, and
these were not mentioned in Krasnov et al (2021). More genes (68) were differently expressed when
comparing fish with best and worst total welfare score. These genes included downregulation of
"jun B proto-oncogene® (INF), "Transforming growth factor-beta-inducible early growth response
protein 3", "serpin peptidase inhibitor, clade H (heat shock protein 47), member 1b" (related to
serotonin metabolism) and upregulation of *RAB3C, member RAS oncogene family’, "MN1 proto-
oncogene, transcriptional regulator’, " suppressor of cytokine signaling 3" in fish with highest score
(worst welfare). In categorizing scale loss automatically, the gene expression patterns were
relatively similar in the worst and median groups. The best welfare (minimal scale loss) groups were
characterized by upregulation of ° tumor suppressing subtransferable candidate 4, * inositol 1,4,5-
triphosphate receptor associated 2° (BACT), = NHS-like protein 2° (BACT), ° cholinergic receptor
muscarinic 4, " Protein kinase C, delta a’ (BACT), 'Gamma-aminobutyric acid receptor subunit
delta’, "inositol 1,4,5-triphosphate receptor associated 2" (BACT), downregulation of * corticotropin
releasing hormone b *, ° NHS-like protein 2, “suppressor of cytokine signaling 2° (negative
association with BACT). There were few differently expressed genes along condition factor. Some
of the upregulated genes in fish with lowest condition were related to bacterial (' cystathionine beta-
synthase-like*, "chemokine (C-C motif) ligand 19a, tandem duplicate 1°) or viral infections
(" interferon-induced protein 44°) or were related to cortisol metabolism (" corticotropin releasing
hormone"). Fish with lowest brain stem serotonergic activity were characterized by upregulation
of genes related to inflammation (" nuclear GTPase SLIP-GC", "nuclear GTPase SLIP-GC" ) and stress
("immediate early response 2a’) among others. Interestingly, there were remarkably numerous
genes differently expressed between fish with highest and lowest serotonergic activity in the
telencephalon. Fish with low serotonergic activity (group A) had a downregulated expression of
“oxytocin®, Targinine vasopressin’, ‘immediate early response 2 (BACT, STRESS), ' dual specificity
phosphatase 1° (BACT, STRESS), "immediate early response 2a" (STRESS), 'regulator of G-protein
signaling 21° (STRESS), ‘jun B proto-oncogene® (INF, STRESS), “dual specificity protein
phosphatase 5° (BACT), “matrix metalloproteinase 9° (BACT, INF), 'GTP-binding protein GEM®
(INF), “Butyrate response factor 1° (STRESS), "Mx3" (VRG; INF), "dispanin subfamily A member
2b" (BACT), "Fos-related antigen 2° (BACT), "Collagenase 3" (BACT, INF, STRESS), " Interleukin-6
receptor subunit alpha® (BACT, INF), 'protein tyrosine kinase 2 beta, a’ (INF), "Interleukin-31
receptor A* (INF), “ABI gene family member 3-like™ (BACT, INF) and upregulation of * Transketolase
b* (BACT), "transketolase-like protein 2 (LOC100380727)" (BACT), "zinc and ring finger 1° (BACT),
*B-cell receptor CD22-like® (BACT), ‘complexin-1" (BACT), leucine-rich repeats and calponin
homology (CH) domain containing 4* (INF). We found 413 genes differently expressed in group with
highest and lowest cortisol values. Among these five were listed as related to bacterial infection,
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inflammation, stress, or a combination of these. Fish with higher cortisol values were characterized
by upregulation of * immediate early response 2" (BACT, STRESS) and "immediate early response
2a” (STRESS) and downregulation of *glutamic--pyruvic transaminase”™ (negative association with
BACT), "NADH:ubiquinone oxidoreductase core subunit S3° (negative association with INF) and
" Methylmalonate-semialdehyde dehydrogenase® (negative association with INF) compared to the
group with lowest blood serum cortisol values.

Gene expression patterns indicate that scale loss scored manually may not be sensitive enough to
capture different gene expressions and hence metabolism, and automatic recognition could be a
more appropriate method as a proxy measure for altered immune function, but the total OWI score
can also be a feasible and useful indicator instead of single OWI parameters. The high number of
differently expressed stress-related genes in fish with extreme telencephalic serotonergic but not
brain stem serotonergic activity corroborates our results about serotonergic activation in the
telencephalon being earlier activated after acute stress, while brain stem activity relating to long-
term processes.

Discussion, conclusion and further implementation

In a previous study, it was shown that moribund “loser fish” could be characterized by an extremely
low condition factor and elevated 5-HT activity (including elevated 5-HT concentrations and 5-
HIAA/5-HT ratios), resulting in an unresponsive serotonergic system to superimposed acute stress
(Vindas et al., 2016). This was interpreted as a compromised stress coping capability in the fish.
Consistent with the study by Vindas et al. (2016), our results show a generally negative relationship
between condition factor and brainstem 5-HT activity. Furthermore, there was a change in this
relationship in 25% of the fish with the lowest condition factors, ranging from 0.6 to 1.1. In this
fraction, the relationship between condition factor and brainstem 5-HT activity became steeper
compared to the remaining 75% of the sampled fish, with condition factors ranging from 1.1 to 1.7.
This steeper relationship indicates a change in the stress coping capability of fish with a condition
factor below 1. Additionally, scale loss and the sum of fish-based OWIs followed the same general
pattern as 5-HT activity, verifying these welfare indicators biologically to some extent.

However, it is important to note that Hoglund et al. (2024) demonstrated that exposing salmon parr
to hypercapnia for six weeks affected brainstem 5-HT activity in the same manner as observed in
moribund fish in the study by Vindas et al. (2016). Still, in the study by Héglund et al. (2024), fish
generally had fish-based OWI scores between 0 and 1, with no differences between hypercapnia and
control-treated fish. This demonstrates that neuroendocrine profiles of poor stress coping capability
can occur without being related to OWIs. Interestingly, hypercapnia induced a lower condition factor
in the latter study. Taken together, this shows that the condition factor is a reliable welfare indicator
reflecting the stress coping capability of an individual. In general, a skinny salmon may have a
condition factor < 0.9 and a fat fish a condition factor of 1.5 (Tvenning, 1991). Following this, it has
been suggested that a condition factor less than 1.1 should be considered as an indicator of
compromised welfare. Our results, indicating changes in stress coping capability appearing at
condition factors around 1, lend support to this.

Current technologies that measure in-cage growth and length of farmed fish using machine vision
(see WP 3, Chapter 5.3.2) offer possibilities for real-time monitoring of condition factor. Thus,
deviations from expected growth trajectories and associated condition factors provide insights into
the welfare state of the fish. However, it is important to note that changes in growth and condition
factors develop rather slowly. Real-time registration of behavior (by cameras and/or echosounders),
combined with automatic registration of breathing frequency and sensor information, provides data
that, along with growth trajectories and condition factors, can be fed into AI. This Al potentially
enables earlier identification of compromised stress coping capability, and consequently, poor welfare
and robustness in farmed salmon. This information is essential for facilitating mitigation efforts and
optimizing rearing practices.
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5.1.2 Automatic measurement of the mouth-opening

The development of automated methods using computer vision and machine learning to measure
mouth-opening frequency, a proxy for respiratory frequency, has great potential to serve as a
practical and noninvasive indicator of fish welfare and health. Traditional methods for monitoring fish
respiration, such as visually counting operculum movements or attaching biosensors, are labor-
intensive or invasive.

Two different computer vision methods were explored and developed for this project in synergy with
the NFR financed project cAlge (NFR number: 344022) and can help to measure mouth-opening
frequency. The first used approach (see full-scale observations, Chapter 5.2.1) exploits object
detection models like YOLO (You Only Look Once) and can track and identify key anatomical regions
of the fish, such as the head and snout. Following this, optical flow techniques are applied to measure
the relative motion between the upper and lower jaws, estimating mouth-opening frequency, which
reflects ventilation rate (Schellewald, 2024).

In the second developed “Salmon Breathing Rate Estimation”-system (SaBRE) (Hggstedt 2024),
applied in Study2, the process begins by detecting key anatomical points on the fish using
convolutional neural networks (CNNs). These points, including the eye and both --lower and upper-
- jaw, are tracked over time to generate a time sequence of jaw gape measurements. These
measurements are then processed using signal analysis methods, such as sinusoidal fitting, to
estimate the mouth-opening frequency. This approach also allows for the detection of individual fish
in controlled environments, such as smaller populations in lab-based underwater conditions.

5.1.3 Variation between welfare evaluators

In this additional part of the project, we investigated the reliability of commonly used welfare
indicators, focusing on inter-observer reliability. The main objective was to assess how consistently
these indicators can be evaluated and examine the influence of experience on both reliability and the
general interpretation of scores. The welfare indicators for evaluating individual-based welfare states,
as suggested by LAKSVEL (Nilsson et al., 2022), are widely used for welfare screening. This guideline,
in addition to supporting the validity of these indicators, provides a scoring system ranging from 0
(perfect welfare, healthy individual) to 3 (worst score, highly compromised welfare), illustrated with
images across 14 different morphological welfare indicators potentially used as Operational Welfare
Indicators (OWIs). However, the reliability of scoring these indicators was not addressed in that
report and has not been published since.

Materials and methods

In this study (Gundersen, 2024), photographs were collected from Atlantic salmon sampled at the
Institute of Marine Research facility in Austevoll. Atlantic salmon kept in sea cages (N=59, weight:
181-3426 g, fork length: 27.5-62 cm) were sampled from X different sea cages. These fish were
humanely euthanized, and both sides (right and left) were photographed. The fish were not randomly
sampled but were selected to cover a wide welfare range, skewing the sample toward individuals
with lower welfare states compared to the general population. Photos were taken under standardized
conditions using a photobox developed by Akvaplan NIVA. This method was chosen to ensure that
all observers had access to the same standardized data, reduce the effects of observer fatigue, and
allow for independent scoring at different physical locations, thereby eliminating the possibility of
communication between observers about their results.

The photos were rated by eight observers. Four of them were experienced observers regularly
working with LAKSVEL scoring and fish welfare (referred to as the "Expert group"), while the other
four were familiar with the scoring system and fish welfare in theory but did not have practical
experience (referred to as the "Inexperienced group"). All observers had access to the photos and
the scoring system, including the published guideline with illustrative images, but were not able to
see the scores assigned by others. The observers completed the scoring independently,
unsupervised, during the spring of 2024.

Observers were asked to score 10 of the 14 indicators in the guideline (see Table 5). The remaining
indicators (skin bleeding, gill status, snout wounds) were excluded due to limitations in assessing
them from the photos, either because of the angle (photos taken from the side) or the handling
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procedure (blood being distributed over larger areas of the body). Since none of the fish showed
signs of sexual maturity, this indicator was also excluded from the analysis.

General intraclass correlation was calculated using the R packages IpSolve and irr, with a two-way
random effects model, to measure reliability between the eight observers (Koo and Li, 2016). In
addition to comparing the scores given by the Expert and Inexperienced groups, the coefficient of
variation (CV) was calculated and compared between the two groups for each indicator. A paired t-
test was applied for statistical analysis when comparing the two groups.

Results

The mean and SE of the scores given and CV found in the two groups per indicator is shown in Table
5, and statistical results are summarized in Table 6. Regarding overall agreement between observers,
where ICC values above 0.9 indicate excellent reliability (Koo and Li 2016), five indicators were found
to fall into this category: first impression, vertebrate deformity, emaciation, scale loss and opercular
damage. Indicators with good reliability (ICC values between 7.5 and 0.9) included jaw deformity
and wounds, wounds being at the borderline of falling into the category with moderate reliability
together with fin damage and eye damage. Cataract was found to have the lowest reliability,
categorized as poor.

Table 5. Indicators scored by experts and inexperienced users of the LAKSVEL (Nilssen et al 2022) welfare scoring
system, scores given (meanxSE) and variability within group (mean+SE) after scoring photos of 59 Atlantic
salmon (adapted from: Gundersen 2024).

Raw score oyt
Indicator
Experts Inexperienced Experts Inexperienced

First impression 1.08+0.07° 1.37¢0.06°  1.04:0.10°  0.57:0.04°
Vertebrate deformity  0.110.03 0.09:0.02 0.330.09 0.35:0.10
Emaciation 0.59:0.07° 0.88:0.07°  0.36:0.08"  0.46:0.08"
Scale loss 1.0120.06° 0.57+0.06°  0.87:0.09"  0.75:0.10°
Wounds 0.40:0.04 0.45:0.04 0.7620.10 1.01+0.10
Jaw deformity 0.23:0.04 0.17+0.03 0.530.10 0.7120.12
Cataract 0.10:0.02°  0.01:0.01°  0.55:0.12 0.07:0.05
Eye damage 0.19:0.03 0.22:0.03 0.83:0.12 0.62:0.11
Opercular damage 0.58:0.05°  0.50:0.05"  0.63:0.08"  0.90:0.11°
Fin damage 1.13+0.04° 1.330.04°  0.55:0.04"  0.26:0.02"

! Coefficient of variation

Inexperienced observers gave higher scores, meaning evaluated welfare as worse regarding First
impression, Emaciation and Fin damage, while they gave lower scores on Scale loss and Opercular
damage (Table 5). Nonetheless, Inexperienced observers were more consistent to each other,
indicated by lower CV values compared to the Experts regarding First impression, Scale loss and Fin
damage, while less consistent than Experts regarding Emaciation and Opercular damage (Table 6).
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Table 6. Statistical results of inter-observer reliability analyses. Two-way random models of Intraclass correlations
(with 95% confidence interval) for all the observers and comparing raw scores and CV in scoring of observers
with regular practical or only theoretical knowledge about welfare scoring (paired t-test).

Merged Comparison between groups
. 1 Raw score cv?

Indicator ICC

tse) P tse) P
First impression 0.92582 (0.8640-0.9601)  &.0601  <0.0001 -5.2861 <0.0001
Vertebrate deformity 0.9277(0.8958-0.9526) -0.892% 0.3736  1.3725  0.2283
Emaciation 0.9739 (0.9605-0.9834)  &.1134  <0.0001 -3.5015 0.0018
Scale loss 0.9115 (0.8485-0.9480) -10.73  <0.0001 5.8072  <0.0001
Wounds 0.7539 (0.6266-0.8442) 1.158 0.2516  0.8255  0.4148
Jaw deformity 0.8826 (0.8258-0.9260)  -1.4807 0.1441 1.891 0.0912
Cataract 0.2651 (-0.0328-0.5098) -3.8319 0.0003 1 0.5
Eye damage 0.6791(0.5320-0.7913)  0.7472 0.458 -1.8592  0.0827
Opercular damage 0.9312 (0.8873-0.9584) -2.3756 0.0208 25825  0.0142
Fin damage 0.7245(0.5390-0.8362)  5.7481 <0.0001 -5.6195 <0.0001

" Intraclass correlational coefficient

2 Coefficient of variation

Discussion and conclusion

Most of the indicators had excellent or good agreements between evaluators. Cataract and eye
damage had the highest variations between evaluators, which may be due to relative rareness, or
because these assessments were based on photos and these indicators would be easier to assess
live. This challenge in precise assessment from photo may hold for Jaw deformities and Wounds.
Nonetheless, high variation refers to that these indicators might need more practice to evaluate
reliable in general.

Based on systematic differences between groups (scores of Experts vs Inexperienced), it seems that
Inexperienced people are more sensitive to First impression, Emaciation and Fin damages, while
Experts are more sensitive to Scale loss and Opercular damages. This difference may come from
either practice (Opercular damage), or a general more focus on e.g. scale loss as one of the main
welfare indicators.

When focusing on variation within the same experience group, Inexperienced evaluators were more
consistent in three indicators. Here, they might have followed the guideline with clear categories and
good illustrations, while Experts might have developed their own interpretation of the scores. This is
crucial when it comes to Scale loss, where there was a systematic and random effect of experience,
and which is a key OWI. Emaciation and Opercular damage were not consistently evaluated by
Inexperienced, which might indicate that the pictures in the guideline could be completed with more
examples.

In sum, it seems that a larger database of golden standard practice pictures could aid training for
novices, especially in Emaciation, Opercular damage, Wounds, Jaw deformities, Cataract, Eye
damage and Fin damage, while regular recalibration of trained everyday welfare evaluators could be
useful if data are meant to be comparable across assessors (e.g. different health managers,
veterinarians, production managers), either for a long-term following of the change of the
population’s welfare state within a production unit, or developing country-wide databases for big
data.
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5.2 WP2 Validation of visual evaluation of welfare indicators in full
scale sea cages

In the WP2, large-scale exploration of specific welfare parameters, Biorelevans focused on mouth-
opening frequency measured automatically at low temperature in commercial sea cage, and
development of scale loss from fresh water stage until 10 month in the sea and relationship with
date of transfer and mortality (Fig. 21).

WP2: Large-scale studies
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Figure 21. Overview of WP2 activities.

5.2.1 Measurement of respiratory frequency in production
systems

The data collection for the measurement of respiratory frequency in production systems was carried
out under low sea-temperature conditions, as more detailed described in the related publication
(Schellewald 2024). These recordings, performed at the Korsneset facility (SINTEF ACE), utilized the
YOLO computer vision method for fish detection and optical flow techniques to estimate the mouth-
opening frequency as a proxy for the respiratory rate. The experiments were conducted at the
beginning of March 2023 when sea temperatures were relatively low, between 2.9°C and 3.4°C, with
corresponding dissolved oxygen concentrations ranging from 11.7 to 12.6 mg/L. The measured
respiratory frequency for the fish was 1.02 Hz on average, with a standard deviation of 0.10 Hz. The
ground-truth manual data showed a very close result, with an average respiratory frequency of 0.98
Hz and a similar standard deviation. Unfortunately, a corresponding set of measurements at higher
sea temperatures could not be performed. This was due to unfavorable weather conditions, lack of
boat availability, and ongoing de-licing operations at the time, which restricted our access to the
production systems. These operational challenges made it impossible to gather the data for high-
temperature conditions as originally planned.

5.2.2 Scale loss level in commercial sea cages and possible
implications

Mette Remen (SINTEF Ocean; formerly Akvaplan-niva), Ola Kvaal Brandshaug (Optoscale, formerly
Akvaplan-niva), Trond Ivarjord (Akvaplan-niva).

Background

Akvaplan-niva has since 2016 been monitoring the welfare and production performance of post-
smolts following winter sea transfer in Northern Norway (PO11), as part of the FoU-permit project
“"PROLAKS"! (see and Remen et al. 2020, 2021, 2022ab). Mortality rates were low after seawater
transfer during the winters of 2016-2017, 2017-2018, and 2018-2019, but rose significantly in the
2019-2020 and 2020-2021 seasons, due to winter ulcer outbreaks. Mortality rates returned to
relatively low levels in the 2021-2022 winter season (Fig. 22).

1 https://akvaplan.no/no/prosjekt/prolaks---fou-tillatelse-akvakultur
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It is well established that development of winter ulcer outbreaks is related to many factors, which
includes the state of the fish (the host), the pathogen and the environment (Cabillon og Lazado 2019,
Takle et al. 2015). Water temperature is for example highly relevant (Osdal 2021), but the
relationship between the influential factors may be complex (Samsing et al. 2023). Several factors
were proposed to explain these fluctuations, including new production facilities (larger tanks, new
fish transfer plans), genetic differences (varied strains), changes in the presence, density, genotype,
or pathogenicity of winter ulcer bacteria (Tenacibaculum, Moritella, Aliivibrio), transport conditions,
sea cage environments, and fish robustness.
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Figure 22. Average recorded mortality rate (%, £ 95% CI) in salmon post-smolt groups transferred
to seawater cages during the winter months (December-January) from 2016-2017 to 2021-2022.

In the two most recent winter seasons, assessments of post-smolt welfare and production
performance involved photographing sampled fish using a photo rig under standardized lighting
conditions. Photos were taken of 20-30 fish per unit before sea transfer and approximately 1, 5, and
10 months afterward. This photo dataset offers valuable material for analyzing scale loss as a welfare
indicator: will scale loss vary between groups, or over time, with significantly different welfare and
performance metrics during the seawater phase? Could the extent of scale loss observed before
seawater transfer serve as a potential indicator of diminished robustness and lower disease resistance
in post-smolts once they enter sea cages? To address these questions, the following analyses were
conducted:

Analysis 1: Analysis of the relationship between the degree of scale loss recorded before sea water
transfer and wound-related mortality during the first 100 days after transfer.

Analysis 2: Presentation of the observed variation in measured scale loss percentage and LAKSVEL
scale loss scores before and after sea water transfer, to enhance understanding of the normal range
of these indicators in fish populations raised in typical commercial production facilities in Troms
County, Norway.

Analysis 3: Analysis of the development of scale loss during the first 10 months after sea water
transfer, and the possible relationship between this indicator and other welfare indicators
(temperature, mortality rate, registered wounds, and healing wounds).

Methods
Studied fish groups

Two different datasets were used for the three analyses. For Analysis 1, 19 fish groups
photographed between 2018 and 2022 were included (Table 7). These groups were transferred to
sea cages from late November to mid-April, all originating from the same post-smolt production
facility. Fish size at the time of seawater transfer ranged from 92 g to 117 g, with seawater
temperatures between 3 and 7 °C. Mortality rates during the first 100 days after seawater transfer
varied from 0.1 % to 60.1 %. High mortality rates (7-60 %) were predominantly associated with
winter ulcers (tenacibaculosis).
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Table 7. Overview of fish groups used for Analysis 1: Fish size, temperature and date of sea water
transfer, and mortalities registered during the first 100 days of sea water (SW) transfer.

Site SW transfer date | Fish size at SW transfer (g) | Temperature at SW transfer (°C) Mortality 100 days
after SW transfer (%)
C 05.12.2018 263 7.0 1.0
D 03.02.2020 465 3.0 46.8
E 06.01.2021 179 5.4 60.1
A 06.01.2021 177 5.5 26.8
E 04.01.2021 442 5.1 14.5
A 10.01.2021 368 5.4 32.7
E 17.04.2021 123 4.0 0.7
E 17.04.2021 114 4.0 1.4
E 19.04.2021 247 4.0 7.2
B 01.12.2021 103 5.5 1.7
B 01.12.2021 92 5.5 0.8
B 04.12.2021 488 5.5 3.2
B 07.12.2021 471 5.5 1.9
B 03.12.2021 553 5.5 2.7
B 28.11.2021 555 5.5 29
C 17.04.2022 1117 3.9 0.1
C 15.04.2022 513 3.9 0.2
C 15.04.2022 265 3.9 0.1
C 15.04.2022 235 3.8 0.3

For Analyses 2 and 3, a dataset consisting of fish from two different winter seasons (referred to as
Year Classes hereafter) were used (Table 8). The fish were transferred to sea cages either in January
2021 (Location A) or December 2021 (Location B). Within each Year Class, two size groups were
observed: approximately 200 g and 400 g fish in January 2021, and 100 g and 500 g fish in December
2021. Fish were sampled from two units per size group, resulting in a total of 8 production units,
with one exception: The I-Jan-200 g group was not sampled before sea water transfer. Data on
scale loss and other welfare indicators were collected from samplings before seawater transfer, and
approximately 1, 5, and 10 months afterward, along with weekly production data (mortality rates,
temperature).

Table 8. Overview of fish groups used for Analysis 2 and 3: Number of units, fish size, temperature
and date of sea water transfer, and mortalities registered during the first 100 days of sea water (SW)
transfer.

Group Site # SW transfer Fish size at SW Temperature at SW Mortality 100 days
units date transfer (g) transfer (°C) after SW transfer (%)
I-Jan—200 g A 2 06.01.21 196 5.2 27
12.01.21 169 17
I-Jan—400g A 2 10.01.21 368 5.4 33
12.01.21 413 45
II-Dec—500 g B 2 04.12.21 480 5.5 3
07.12.21 480 2
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Il-Dec—100 g B 2 01.12.21 103 5.5 1,7
01.12.24 92 0,8

Fish sampling and photography

A total of 20-30 fish were collected using a hand-held dip net, either directly from the tank in the
postsmolt production facility or from a sampling net (“storhdv” or “orkastnot”) in the sea cages. The
netting process was conducted gently, to reduce scale loss during sampling. The fish were then
transferred to appropriately sized containers, with water added sufficient Benzoac vet. to euthanize
them. The dosage was administered according to the overdose prescription for the specific
temperature and adjusted if needed. Photographs were taken immediately, using a handheld digital
camera (prior to the 2020/2021 winter season for two fish groups) or a photo rig (see Remen et al.
2022) with standardized lighting conditions (for 17 fish groups after 2020, Fig. 23).

Figure 23. Photo rig used to photograph the fish, and examples of fish with varying degree of scale loss.
Image analysis I: Scale loss percentage

By quantifying the degree of scale loss as a percentage within a specific area, we hypothesized that
objective measurements of scale loss could be achieved, with higher resolution allowing for the
detection of smaller or moderate changes compared to results obtained through scoring sheets (see
the next paragraph). This process involves manually marking (annotating) scale loss in photographs
and calculating the percentage of the marked areas within a defined measurement region. In this
project, we conducted manual annotations using a customized version of LabelMe, developed by
Norsk Regnesentral for Akvaplan-niva (Remen et al. 2022). The designated area extended from the
operculum cover to the dorsal fin and from the lateral line up to a point corresponding to ~50 % of
the height between the lateral line and the base of the dorsal fin (Fig. 24). The annotations were
made on the left side of 20 fish per unit and sampling point.

Figure 24. Measure area for annotation of scale loss, and example of annotated scale loss.

Image analysis II: Welfare indicators

The photos were also utilized to assess the degree of scale loss, wounds, and healing wounds based
on the descriptions provided in Table 9. These descriptions were adapted from Stien et al. (2013)
and Noble et al. (2018), with modifications made to enhance the objectivity of the scoring. Following
the publication of the LAKSVEL protocol (Nilsson et al. 2022), the scoring of scale loss was converted
to LAKSVEL scores, as detailed in the table below. The scores for wounds and healing wounds
remained unchanged.

Table 9. Scoring protocol used to assess scale loss, wounds and healing wounds in BIORELEVANS.
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0 1 2 3 4
Scale Loss Up to 5 scales Up to 20 scales More than 20 10-30% >30% of area
per side per side scales, up to 10%
of area
Scale loss 0: a few single scales 1: many single
f g y sing 2: Several smaller or 3: Large areas of scale
(LAKSVEL) scales, one or two o
larger areas, but not loss, dominating the
small areas T .
dominating the general general visual
visual impression of impression of welfare
welfare status status
Wounds None 1 or more non- Non-penetrating Penetrating wounds, @>6 cm
. . penetrating* | wounds above @ = | totalareaof@=2-6
(including
¢ wounds, total 2cm, or cm
snou areaupto@=2 penetrating

wounds) *

cm wounds*, total

areaupto@=2
cm
Wounds None 1 wound under | Multiple wounds 1 or more healing 1 or more healing
Under healing, with an under healing, wounds with diameter wounds @ >6 cm
Healing areaupto@=2| eachupto@=2 @=2-6cm
cm cm

Production performance data

For Analyses 2 and 3, weekly temperature and mortality data were retrieved per unit from production
databases by the salmon producer.

Results

Analysis 1: Scale loss and mortalities after sea water transfer

The majority (74 %) of the 380 individuals examined prior to seawater transfer received a LAKSVEL
score of 1. Regarding the percentage of scale loss (relative to the measurement area), the median
value was 7.5 % (Fig. 25).
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Figure 25. Number of observations of scale loss within given intervals for all examined fish in Analysis 1, in terms
of A) % of measurement area and B) LAKSVEL score. The relationship between scored scale loss and scale loss
% is presented in C) using box plot (median, 25 and 75 % quartiles) with mean represented with cross.

Scale loss was plotted against mortality during the first 100 days after seawater transfer to examine
whether variations in observed scale loss corresponded with high mortality rates (Fig. 26). Initial
data analysis revealed that mortality rates varied significantly depending on the date of seawater
transfer. As a result, the data were grouped by sea water transfer month (December, January,
February and April). The findings suggest that the risk of wound outbreaks (tenacibaculosis) was
highest in January and February. There was also a tendency for increasing mortality with greater
scale loss in groups transferred to sea cages in January. The highest mortality was observed in the
production unit with the highest average scale loss score (1.7) and scale loss % (14 %). However,
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the number of fish groups examined in this period was too small to draw scientifically robust
conclusions (n = 4 for January). For fish transferred to seawater in December and April, no
relationship was found between mean scale loss percentages (ranging from 2 % to 12 %) or mean
scale loss scores (ranging from 0.4 to 1.2) and mortality during the first 100 days in sea cages.
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Figure 26. Observed mortality during the first 100 days after transfer to sea cages in fish groups who were
photographed (n = 20) 1-2 weeks before seawater (SW) transfer. The X-axis represents the observed: A) Average
LAKSVEL scale loss score, B) proportion of fish with LAKSVEL scale loss score 2+3 and 3) % scale loss in a defined
area (~2 cm wide, above the lateral line, between the operculum and the caudal fin). High mortality rates are
related to tenacibaculosis outbreaks.

Analysis 2: Observed scale loss (%) and LAKSVEL scale loss score

Among the 8 fish groups analyzed, the median scale loss percentages were 7.3 % and 8.0 % before
seawater transfer for Year Class I (transferred in January 2021) and Year Class II (transferred in
December 2021, Fig. 27 A and B). For the three samplings conducted approximately 1, 5, and 10
months after transfer, the overall median scale loss percentages were lower, at 3.8 % and 4.7 %,
respectively (Fig. 27 C and D). Regarding LAKSVEL scores, the data suggest that while score 1 is the
most common both before and after seawater transfer, there are more entries at both ends of the
scale (scores 0 and 3) in the sea cages. In terms of mean values, the scores are similar before and
after seawater transfer (Fig. 28).
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Figure 27. Number of observations of scale loss (%) within 10 pp. intervals in groups of fish photographed before
(A, B) and after (C, D) transfer to sea cages. YC = Year Class (se Table 8).
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Figure 28. Proportions of fish (%) with LAKSVEL scale loss scores 0-3 before and after seawater transfer for Year
Class I (SW transfer in January 2021) and Year Class II (sea water transfer in December 2021).
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Analysis 3: Scale loss vs. mortality and welfare indicators in sea cages

The mortality rate following seawater transfer differed substantially between the two studied year
classes (Fig. 29). Post-smolts transferred in January 2021 (200 g and 400 g) experienced high
mortality rates due to tenacibaculosis, followed by winter ulcers caused by typical Moritella viscosa.
In comparison, mortality rate after seawater transfer in December 2021 (100 g and 500 g) was low.
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Figure 29. Average weekly mortality (n = 2, £95 % CI) in the four groups of postsmolts (2 units per group)
investigated in the project: two different year classes and two size classes per year. Delousing events (non-
medicinal [N] and medicinal [M]) are marked with vertical, dotted lines and fish sampling time points are marked
with arrows.

As shown in Fig. 30, fish were examined both before and after the disease outbreak, as well as
following the summer period, when higher water temperatures promoted wound healing.
Observations of scale loss (LAKSVEL) prior to seawater transfer indicated that the two year classes
exhibited similar levels of scale loss. This was also the case for measurements taken approximately
five months later, with no significant differences in LAKSVEL scale loss scores among the surviving
fish after the disease outbreak had passed (Fig. 30). However, in terms of percentage scale loss,
there was greater individual variation after seawater transfer in Year Class II, with mean values
tending to be higher than for Year Class I at 5- and 25-weeks post-transfer. After approximately 45
weeks in sea cages, the scale loss score decreased from around 10 % at seawater transfer to
approximately 3.5 % in both groups.
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Figure 30. Average scale loss (A = % of measure area, £ 95 % CI, B= LAKSVEL scale loss score, = 95 % CI)
over time (weeks after sea water transfer) in eight salmon production units, grouped by year class with
considerable different mortality rates during the first 100 days in the sea water phase (see legend). 20 fish were
sampled per production unit per sampling point (n = 80).

For the two fish groups that experienced high mortalities due to tenacibaculosis after sea water
transfer in January 2021 (200 g and 400 g), the temperature, mortality, wound scores, and healing
wound scores were plotted on the same timeline graphs as the scale loss scores (Fig. 31 A and B).
The data show that average wound scores increased shortly after seawater transfer, followed by a
period of heightened mortality, which peaked during the second month post-transfer. The wound
scoring included snout wounds, which was the dominant wound type at the first sampling after sea
water transfer. By June 2021, mortality rates had returned to low levels, though wound scores
remained elevated, along with increased healing wound scores. The development of temperature,
wounds, mortality and healing wounds follow an expected pattern. Scale loss values tend to be more
stable and similar before, during and after the disease outbreak, and appear less related to the other
parameters.
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Figure 31. Temperature, mortality rate and results from scoring of scale loss, wounds and healing wounds before
sea water transfer, and after 0,5, 5 and 10 months in sea cages. The vertical dotted line represents sea water
transfer.

Discussion

In this study, we found that a LAKSVEL scale loss score of 1 was predominant in the fish groups
examined. The mean LAKSVEL scores, ranging from 0.4 to 1.7, corresponded to a 2-14 % scale loss
within the selected measurement area. Scale loss observations within this range, recorded before
seawater transfer, showed no correlation with mortality during the first 100 days in sea cages for
fish transferred in December or April. However, for fish transferred in January, the group with the
highest degree of scale loss (14 %) exhibited the highest mortality rate. In cases where
tenacibaculosis developed after seawater transfer, the progression of temperature, wounds,
mortality, and wound healing followed an expected pattern, while scale loss values appeared less
linked to these factors.

The overall lack of correlation between observed scale loss and the development of winter ulcer
outbreaks suggests that scale loss may not be a relevant indicator of winter ulcer risk or disease
progression. Alternatively, 1) the degree of scale loss may have been too low to pose an increased
risk of developing winter ulcers, and/or 2) the methods and timing used to observe scale loss may
have underestimated the importance of the scale loss healing process, which likely influences the
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risk of pathogen colonization. These alternatives are further discussed below, based on the findings
in the BIORELEVANS literature review (Remen 2024).

The impact of scale loss degree on fish physiology and mortalities

Previous studies examining the effects of scale loss on the physiology of salmonids (Atlantic salmon
and Chinook salmon, Oncorhynchus tshawytscha) have shown that induced scale loss in the
laboratory (10-20 % of body area) leads to acute physiological disturbances. These disturbances
include elevated cortisol levels, changes in plasma ions, osmolality, and glucose levels (Gadomski et
al. 1994; Zydlevski et al. 2010). However, these parameters typically return to normal within 1-3
days (Gadomski et al. 1994; Moore et al. 2018; Zydlevski et al. 2010).

Regarding mortality, increased death rates were observed in juvenile Chinook salmon when 30 % of
their body area was affected by scale loss, though no increase was noted with 10 % or 20 % loss
(Gadomski et al. 1994; Kostecki et al. 1987; Moore et al. 2018). Field studies on salmonids that
sustained scale loss after passing through water turbines during migration to the sea suggest that
the extent of scale loss is associated with disease resistance and mortality (Bouck and Smith 1979;
Hostetter et al. 2011; Kostecki et al. 1987). For example, in coho salmon (Oncorhynchus kisutch), a
10% scale loss was found to be the median tolerance limit (Bouck and Smith 1979), while in
steelhead trout (Oncorhynchus mykiss), more than 20 % scale loss was associated with increased
mortality (Hostetter et al. 2011). However, it has been suggested that scale loss is likely not the sole
cause of death but may indicate physical strain or mechanical load leading to stress and other internal
or external damage, contributing collectively to mortality (Kostecki et al. 1987).

In bacterial challenge experiments, removing mucus, epidermal cells, or scales has been shown to
increase mortality (Karlsen et al. 2012; Madetoja et al. 2000; Svendsen and Bggwald 1997).
However, the relationship between specific levels of scale loss and disease outbreaks in commercial
sea cages has not yet been thoroughly studied.

The levels of scale loss observed in our study were generally at or below those found in previous
research to cause physiological disturbances or mortalities. It is possible that higher levels of scale
loss could pose a greater risk, which was not evident in this study. The high mortality rate (60%) in
the group with the highest observed scale loss (14%) might suggest this, but further research on
fish with more severe scale loss is necessary to confirm this hypothesis.

The impact of scale loss healing on the risk of developing winter ulcers

Scale loss is a type of superficial ulcer that involves the loss of mucus, the epidermis, and parts of
the dermal skin layer (Elliot 2011). The healing process begins quickly, with rapid epithelialization of
the wound surface occurring within minutes, which helps restore the protective cell and mucus layers
(Quilhac and Sire 1998; Richardson et al. 2016). In warm-water species, this process is completed
within 6-24 hours. Within two weeks, a new, normally sized scale forms, and further development in
scale thickness, mineralization, and microstructure takes place over 30-56 days (at 18-29 °C;
Caraguel et al. 2016; Costa et al. 2017; Costa and Power 2018; Ohira et al. 2007; Motamedi et al.
2023; Quilhac and Sire 1998). To date, the healing process of scale loss in Atlantic salmon has not
been studied, but it is expected to take longer due to the slower wound healing associated with lower
water temperatures (Sveen et al. 2020).

When examining post-smolts 1-2 weeks before seawater transfer, it is likely that the observed scale
loss had reached a stage of healing where at least the epidermal layers and mucus had been restored,
with new scales likely starting to develop. Following this, the fish were subjected to crowding,
pumping during loading onto transport vessels, transport, and unloading through pipes into sea
cages. These handling processes likely caused new scale loss (Espmark et al. 2015; Erikson et al.
2016), exposing the dermis and its blood vessel network to the microbial load present in the transport
vessel or sea cage environment. The extent of this new scale loss may have had a greater influence
on winter ulcer development than the scale loss observed 1-2 weeks prior to seawater transfer.

However, it could also be argued that the scale loss observed 1-2 weeks before transport reflects the
stress experienced by the fish in the smolt production facility, potentially as a result of intensive
rearing practices. For instance, the degree of scale loss has been linked to the nhumber of days since
the last tank transfer, as shown by Remen et al. (2022). Stress can weaken the skin barrier
(Benktander et al. 2021) and slow the wound healing process (Sveen et al. 2018).

Thus, while the scale loss observed 1-2 weeks before seawater transfer may be less relevant for
assessing exposed dermis at the time of pathogen exposure (during transport or in sea cages), it
could serve as an indicator of stress and reduced disease resistance due to intensive rearing practices
at the smolt production facility.
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Conclusions

In this study, we examined the degree of scale loss in post-smolts before seawater transfer and at
1, 5, and 10 months post-transfer in Northern Norway. The observed scale loss (2-14 % of measure
area and average LAKSVEL scores 0.4-1.7) generally did not correlate with an increased risk of winter
ulcer mortality after seawater transfer and showed little change as the disease progressed. Lower
levels of scale loss were noted after 10 months in the sea cages in terms of scale loss percentage
(2-8 %), but not in terms of LAKSVEL scores (0.6-1.3).

The lack of a clear connection between scale loss observed before seawater transfer and the onset
of winter ulcer outbreaks could be attributed to the low frequency of severe scale loss cases (e.g.,
LAKSVEL scores of 2 or 3) and the timing of sampling, which occurred 1-2 weeks prior to seawater
transfer. A more effective approach would be to conduct sampling at the time of loading into sea
cages and to differentiate between varying stages of scale loss healing. This would provide a more
accurate assessment of skin vulnerability to pathogen infection at the time of exposure.
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5.3 WP3 Practical use of WIs in decision making

5.3.1 Threshold values for specific indicators established in the
project

Mouth-opening frequency was shown by Biorelevans to be a proxy of respiration, and this suggests
its potential as a welfare indicator for individual fish. Continuous monitoring, ideally at the individual
level, is recommended, and changes in respiration should be evaluated with respect to closely
monitored environmental parameters. Specifically, the magnitude of the respiratory responses and
the time to regain baseline respiration after treatments and/or handling could provide information
about the welfare impact of the event. Still, further studies linking MOF responses to other measures
of coping capability are needed to verify it as a welfare indicator.

The condition factor (CF) was confirmed as a welfare indicator for stress-coping capacity, although
no clear relationship was found between CF and other morphological welfare indicators denoted in
LAKSVEL at full CF range. CF is an indicator of long-term welfare states and can reflect long-term
allostatic load, where fish with low CF (in the range of 0.6-1.1) have diminished capacity for stress
coping. Therefore, for fish which CF is in this range, further stressors pose a significant risk for
compromised welfare. However, it is important to note that changes in growth and condition factor
develop rather slowly and can be caused by multiple underlying factors. Nonetheless, the present
finding of a potential threshold around 1.0 CF may be specific for farmed Atlantic salmon at this stage
of production and may not be generalized to wild salmon with different growth trajectory and pattern.

Real-time registration of behavior (via cameras and/or echosounders), combined with automatic
registration of breathing frequency and environmental sensor information, provides data that, along
with growth trajectories and condition factors, can be fed into Al analyses. This Al potentially enables
earlier identification of compromised stress coping capability, and consequently, poor welfare and
robustness in farmed salmon. This information can be used to plan and evaluate operational and
treatment procedures while maintaining the highest possible welfare status of the farmed fish.

Scale loss received particular attention in this project. In the controlled laboratory study (Study 1,
WP1), scale loss ranging from 0-28% did not correlate with neuroendocrine indicators, and gene
expression related to immune status showed minimal variation based on manually evaluated scale
loss (Study 3, WP1). Mean scale loss ranging from 2-14% prior to seawater transfer did not correlate
with mortality levels from winter ulcers post-transfer (WP2). However, in 'looser fish' (with lower
condition factors), both greater scale loss (10-50%) and a neuroendocrine response were observed
(Study 3, WP1). These findings, along with previous research, suggest that scale loss levels of 20-
30%—higher than those typically observed in our studies of fish in commercial scale farming—may
be a relevant indicator of compromised welfare. Given the rapid healing of epidermal tissue, this
threshold likely depends on the time since scale loss occurred. Lower levels of scale loss may still
pose a risk shortly after scales are lost, as they may serve as entry points for infectious agents.
Further research is needed to validate this hypothesis. Real-time monitoring methods for both scale
loss quantification and assessment of healing status may enhance our understanding of scale loss as
a welfare indicator and its importance for fish health in the future.

5.3.2 Overview of technology and knowledge needs

During the project period, significant progress has been made in the development of new indicator
technology, both in making the technology commercially available and in developing plug-and-play
solutions that make information easily accessible for the end user. The following information was
gathered through conversations with equipment suppliers, product data sheets, and websites, among
other sources; however, since not all technology is commercially available at present, there are likely
additional concepts not covered in this overview.

The scope of the project relates to welfare indicators relevant to in-pen welfare surveillance and does
not take into account indicators from well boats, such as water quality sensors, nor biological
indicators such as stress- or welfare related blood chemistry.

The selection of indicators has also evolved significantly, shifting from biomass, lice, and
environmental indicators to a more holistic approach that either focuses on the individual fish or the
entire group within the pen. Various equipment suppliers choose to prioritize different welfare
monitoring technologies, leading some producers to use multiple technological solutions in parallel.
This approach allows for validation of different methods against each other and may provide more

42



Biorelevans (Project nr. 901736)

comprehensive information on welfare status. Some methods were developed specifically for projects
associated with research and development (R&D) licenses, making the technology unavailable
commercially. Other exceptions include technology providers collaborating with individual producers,
offering software and technology customized to the client’s requirements.

A common feature of most concepts is that the technology is relatively new or under development.
Especially for technology utilizing artificial intelligence (AI), providers rely on the ability to collect
large datasets to refine their models for optimal accuracy. Some concepts are installed only at specific
sites, while others can be integrated with technologies already in place in the pen, such as lice lasers
(e.g., Stingray) or biomass monitoring tools.

The aim of the following report is therefore to review some of the novel methods of monitoring fish
welfare trough the current status of several different technologies, and their implications.

Camera technology

Camera technology has been utilized in pens for several years and has become increasingly common
to optimize feeding or monitor the densities of salmon louse on fish in pens. This infrastructure has
allowed other welfare indicators to be included in the software over time, as machine learning and
technology has improved.

Many technology providers are currently offering varying variants of external welfare scoring
systems. These are mostly based on the LAKSVEL-system, scoring different welfare parameters on
a scale of 0-3. Despite this, the range of parameters deployed in many new welfare technologies,
especially regarding wounds, indicate that the LAKSVEL-scoring system is insufficient in providing
enough information on wounds, as the parameters adjusted to the farmers needs show a broader
number of wound-related indicators than LAKSVEL provides alone.

An obstacle the technology providers face during the development of new indicators is the enormous
need for annotated images to provide a sufficient database for machine learning. For some of the
indicators, farmers are still restricted to surveying images from cameras to assess the impact of a
certain parameter, feeding this back into the database to help train models. This will still be needed
for the overseeable future, as current indicators need refining and new indicators emerge.

Another challenge is optimizing the output from welfare monitoring cameras. Technology providers
must provide for technology that can counteract turbidity, high noise, natural light versus artificial
light and large variation between pens by building robust algorithms that cope.

Currently, separate types of camera technologies are required in order to optimize welfare monitoring
in net pens. These cameras include remote operated vehicles (ROV) cameras, feeding- and biomass
cameras, cameras for counting lice and assessing external welfare parameters, alongside cameras
in lasers to combat lice. Automated video monitoring of fish to assess stress-related or deviating
behaviour is less used, and accounts for separate camera systems of their own, which in total calls
for a large number of separate camera units and end-user interfaces to keep track of. This makes
the assessment of critical factors, especially related to handling and treatment of fish complicated,
as output has to be manually adjusted and analysed. Some technology companies are working on
implementing several of the above listed inputs in one interface for the end user. Other technology
companies specialize in big data analysis, where farmers provide information from the separate
indicator technologies, and the provider assists the farmers in predicting mortality rates or addressing
critical factors based on this output.

Remotely operated vehicle — cameras (ROV)

The use of remotely operated vehicles (ROV) with cameras has become increasingly more common
through the last couple of years. Previously the method was primarily used for net-pen investigation
post crowding, when the net is lifted and prone to damage, to assess holes or other kinds of damage
to the net to reduce the risk of escapees when returning fish to the pen.

Through the last few years it has become increasingly common to utilize ROVs both during loading
and unloading fish to monitor fish behaviour and potential anomalies during crowding and post-
treatment, though this is still not the standard procedure. The primary source of information of fish
behaviour during crowding is still observing fish at the surface waters. The use of ROV can reveal
critical factors such as diving behaviour, density, vertical and horizontal positioning and swimming
behaviour during crowding, through monitoring fish by camera. Uncovering these indicators can be
crucial to monitor fish welfare during crowding operations, as changes occur abruptly and have
enormous consequences for the fish in question. Despite this, the observation of live footage from
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ROVs is still strictly subjective, and demands expertise in fish behaviour during crowding, to rapidly
assess the situation and take measures to mitigate the operation, and better, non-subjective
methods of assessing fish behaviour during crowding is still an urgent need in salmon farming today.

Welfare cameras

Most providers of camera technology for welfare assessment provide some kind of adaption of the
LAKSVEL scheme for categorization. This allows for an easy transition between the subjective
LAKSVEL-assessments performed by farm personnel and new technology, and the former can be
used for data mining and compliance assurance of the new Al-based software.

The reason the different welfare indicator technologies vary in terms of LAKSVEL-implication is
complex. To some extent, the number of LAKSVEL-parameters is limited by the data learning status
of the software. The technology provider prioritizes the welfare parameters that are most crucial to
the customer, i.e. the fish farmer at the current time. The welfare indicator technology business in
aquaculture is still very young, and technology companies must prioritize their resources during the
early stages of their product.

Common for all providers within this field is the large emphasis on the importance of skin-related
parameters such as scale loss, skin bleeds and in particular, wounds. The latter encompasses several
indicator parameters, such as wound recognition, categorization, and development status of wounds,
to mention a few.

Scoring categories for wounds:

- Scoring according to LAKSVEL

- Single score per wound

- Placement of wounds

- Wound size

- Number of wounds

- Total wound area on the fish (%)
- Cause of wound (mechanical, predator, bacterial infection, unknown)
- Shape

- Colour

- Wound healing rate

- Ulcers

- “Shaggy” skin

Wound categorization has traditionally (pre camera documentation) primarily been used as an
indicator of mortality causes and, to a lesser extent, on live fish. Information regarding type of
wound, often categorized as mechanical damage, bacterial wound, predator wounds or wounds due
to mechanical de-licing, is often evaluated subjectively, mainly through the use of dead fish
categorization. Actively utilizing information from cameras within the pen before and after crowding
or fish treatment can be highly valuable, as these indicators provide a significantly better overview
of the population as a whole, compared to subjective welfare scores of a small sample of fish taken
with a dip- or catch net. This information, given the software's ability to distinguish between different
causes of wounds, may also serve as an early warning of underlying disease, mechanical obstacles
in the pen, the presence of wound-inducing bacteria in the population, or the presence of
predators. The use of camera technology in sea cages prior to handling or crowding provides a
comprehensive overview of the fish's condition, replacing manually baseline assessments conducted
by personnel. Data from these assessments, covering parameters such as scale loss, various wound
classifications, deformities, and lice counts, can be compared with the routine evaluations performed
during the crowding process prior to treatment.

Mechanical wounds are often a direct result of fish being in contact with objects inside the pen,
including net holders, feeding equipment and tubes, cameras or laser units. Other causes of
mechanical damage to fish may be due to contact with biofouling and barnacles in particular, as this
may cause bruising. An increase in such damages, with no prior handling may indicate that
equipment within the pen causes hazard to fish, either as a result of misplacement or as a product
of storms, causing displacement suboptimal for the fish. Such damage may also be a direct result of
demanding environmental conditions for the fish, including high currents or large waves, causing fish
to come in contact with the net, pen, or equipment. Fouling containing hydroids on the other hand,
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may cause stings and burn wounds. With proper data mining- and learning these types of wounds
may also be distinguishable by AI, giving indications of a fouled pen, misplaced equipment, weather
or currents, and thus providing an alarm or early warning that adjustments should be made.
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Figure 28: Different types of wounds seen during a regular veterinary visit, from predators, bacteria and
mechanical wounds (from three individual sites).

Fish caught by catch net are rarely representative of the population as a whole. Healthy fish are
usually faster swimmers, stand in deeper waters and have a better appetite than compromised
populations of fish. Emerging camera technology can give increased information on a larger amount
of fish, and certain systems also provide individual recognition, and can hence monitor welfare
indicators for single fish over time. Manual lice counting carries an increased risk of injuring the fish
being examined, particularly in winter. However, manual lice counting or welfare scoring can still
serve as a valuable behavioural indicator during crowding, which may be crucial when planning a
delousing operation, and hence, still has its value as an indicator on its own, albeit subjective and
dependent on the previous experience of the observing party.

Most camera systems are currently designed for use within pens under normal operational conditions,
which generally does not allow for use during crowding or in wells. This is because the cameras
require a certain distance from the fish to capture high-quality images or video for measurements,
and the camera equipment is positioned within the pen under normal conditions. This setup
necessitates removing the equipment from the net cage before crowding. Some systems have
camera technology that allows for close-range documentation, potentially usable in wells or during
crowding.

Technology capable of assessing external welfare parameters during crowding, in wells, during
treatment, and at unloading could offer significant value for treatment processes. More information
on the cause of wounds and healing status can support better decision-making regarding crowding
strategy or treatment method before treatment and help assess handling stress over time, especially
with repeated treatments.

Respiratory responses

Respiratory responses can serve as indicators of coping, fish health and welfare, but are highly
affected by water quality, temperature, water flow and several other factors, such as pH, gases,
algae and toxins in the water column.

Gill ventilation rate (opercular oscillations, GVR) and mouth respiration rate (MVR) are two separate
indicators of fish welfare and stress coping that can be monitored by in cage cameras. Common for
the both of them is that they are both highly influenced by fish size, environmental conditions, and
underlying diseases and gill problems, and metabolism in general. Environmental factors that come
into play include temperature and oxygen levels, but also currents causing increased swimming
activity, turbidity or the presence of jellyfish in the water column.

Knowing the "baseline" breathing frequency for a certain group of fish is therefore important when
considering utilizing such respiratory responses as an indicator of fish going through acute stress,
for example during net cleaning or if a predator is present near the pen, or for evaluation the overall
well-being of a population over time.

GVR is to some extent utilized to uncover amoebic gill disease (AGD) or other gill-related health
issues. GVR is provided by some commercial technology providers, but to what extent and how
information on this is implemented by farmers has to little extent been emphasized by the technology
providers themselves. This may be due to competitive advantages of the farming companies that the
technology currently is being developed for, or as a result of technology providers racing to be first
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to provide the new technology, though the farmers are still unsure on how to implement this indicator
into effective decision making.

Findings in the FHF Biorelevans project indicate that the change in MVR can be a good indicator of
stress, both for individual fish and the population as a whole. The results also suggest that there is
a large variation between individual fish in MVR, which must be taken into account when considering
the sample size when using this as an indicator.

Documentation of behavioural responses demands high resolution video camera technology, which
in terms sets requirements for rapid data transmission- and storage, making the technical challenge
in rural and- or exposed farms larger than the biological challenges in the next steps of optimizing
welfare indicator technology.

Spatial monitoring

Depth mapping in farming has until now been primarily utilized for assessing the depth of fish for
feeding purposes, and to some extent tracking the depth of fish to assess exposure to shallow water
where the fish are more prone to come in contact with hypoxic water or planktonic stages of salmon
louse.

As a result of increased interest in remote- or deep water rearing of fish, the need to monitor fish
without accessing it physically has brought depth mapping as a welfare indicator about by necessity.

Swimming depth can effectively be employed as a welfare indicator by assessing behaviour from
deviated from what is assumed to be normal under the given conditions. Under normal conditions,
fish prefer positioning themselves deeper in the water column, following diurnal photoperiod signals,
heading towards deeper water during daylight. When fish are stressed, unwell or an acute stressor
is present, depth behaviour deviates from the diurnal pattern. Depth can therefore be used as an
early indicator, for example if an underlying disease outbreak is emerging in the population, causing
the fish to expose less of this diurnal behaviour, situating themselves higher in the water column,
independent of photoperiod.

Similarly, swimming speed is implemented as a welfare indicator through establishing upper
thresholds for normal swimming activity, and the farmer is notified if fish deviates from the limit
value. This is especially relevant for submerged or closed farming units, as high swimming speeds in
deep water bodies is used as an indicator of too low amounts of air in the swimming bladder, causing
the fish to swim rapidly to increase water flow over the gills, and hence the oxygen supply to the
swim bladder. A measure to counteract this behaviour can thus be to increase aeration in the unit.

New sensing technology can thus map such alterations in behaviour, potentially informing the farmer
by an alarm set at a certain threshold of changes in behaviour, relative to that of what is considered
normal at the farm. Such alarms could potentially be set to alert the farmer if there is a change in
trend, for example for disease, or if there is a sharp change in depth, suggesting an acute stressor
present, such as the presence of a predator or net cleaning in a pen nearby.

Echo sounders in net pens have to some extent been explored in experimental work regarding farmed
salmon in the past. Previously, challenges with implementing the technology as a good indicator of
welfare have been related to placement of the echo sounder, and thus the number of fish in front of
the sounder. New depth measurement technology allows for placement of the equipment outside the
pen, allowing to assess fish in the entire pen. Another novel feature of depth measurement
technology is the implementation of sonars, as opposed to echo sounders. Echo sounders measure
the time it takes for the sound wave to return after hitting fish, while sonars use sound to detect
fish, and can give more precise information on single fish. This allows for counting the fish, mapping
size distribution throughout the pen, and following individual fish to map swimming speed or vertical
migrations, thus potentially discovering important information on deviating behaviour.

Sonars provide a more comprehensive indicator of biomass trough size mapping fish throughout the
pen and provides better insight into mortality than counting dead fish alone, as sonars are capable
of counting single fish in the pens. Sonars can also provide information of other fish species present
in the pen, such as the biomass- and mortality of cleaner fish. Information from some sonars
theoretically have potential to be implemented as a welfare indicated during crowding operations.
This may be used to determine swimming behaviour, displacement or abrupt manoeuvres, as they
are situated outside the net, but this must be investigated further.
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Implementations and future work

The documentation of behaviour of salmon in pens is still largely based on subjective observations,
and hence dependent on an experienced eye to distinguish critical factors. Novel welfare indicators
aided by AI and machine learning has the potential to provide a powerful tool for making better
decisions and reducing risk when handling fish.

The geographical distribution of novel welfare indicator technology is characterized by a needs-based
approach: less indicator technology is generally utilized in areas where the fish are at lower risk for
lice infestations and de-licing operations. Technology is prioritized in areas at high risk, where fish
are subject to treatments that may cause reduced welfare, and thus should be monitored more
closely. As the abundance of salmon lice is highly driven by water temperature, this causes a
southward increase in the abundance of technology being implemented. This is subjected to change
based on the availability of technology.

Currently most technology providers only supply one type of data from their sensors, and the end-
users interface reflects this. This causes information from different sensors to operate- and provide
output in separated models software, making interaction between sensing technologies complicated,
and less fruitful in terms of revealing critical factors, especially in real time. The output from the
sensors provides data, footage or models trough real-time sensing or historical trends. This
information is to varying degree fed into models, giving the ability to assess critical factors, predict
mortality or trigger alarms pre-set at certain indicator thresholds. At the time being, information
from several of the welfare indicator technologies are still evaluated in retrospect, as the technology
in terms of AI and machine learning is not refined enough to monitor indicators in real time, but
there is belief that this will be solved in near future.

Different types of welfare indicators are linked to different parts of the production. For example, the
output from camera technology is restricted to information collected inside the net pen, as the
technology is based on the cameras operating at a certain distance or angle from the fish. Existing
technologies may be re-purposed in terms of how they are implemented today: welfare indicators
currently being developed for net pens may have great value if being adapted to crowding situations
or for use in the wells of well-boats, providing much more information on the overall effect of
crowding and treatment on fish welfare, and reducing the work load manual welfare assessments
demand. This may in term provide information on the critical factors during such operations, but also
during transport, loading and unloading fish.

The largest bottleneck real time sensing faces are the demands of real-time processing and saving
data, as well as connectivity issues for remote farms. On the bright side, technology providers are
confident that there is no limit to implementing new indicators, especially external welfare indicators,
into existing models, given that machine learning is supplied with sufficient learning data. This could
in turn provide farmers with valuable information on the welfare status of fish, supporting decision
making prior to treatment and in evaluating operations post treatment. Technology providers stress
that the indicators implemented today provide a mere groundwork, and that the indicators that will
be of the greatest value in the future, still need to be discovered. These indicators will only be
discovered trough implementation and optimalization of the welfare indicator technology currently in
its nascent stages, and in the future will encompass a vast ecosystem of interconnected devices that
gather and exchange data, revolutionizing how we interact with our environments. Factors that are
known to impact the outcome of treatments, and thus affecting overall welfare and mortality post
treatments include starvation time, environmental factors, underlying disease, behaviour and other
welfare related parameters such as treatment history and frequency, alongside crowding-, loading-,
treatment- and unloading parameters, may with time be implemented to models to understand and
improve salmon farming and treatment as we know it today.

47



Biorelevans (Project nr. 901736)

5.4 WP4 Dissemination to end-users and administration

5.4.1 Communication with end-users
Websites, social media, workshop organized
https://www.fhf.no/prosjekter/prosjektbasen/901736/
https://www.nmbu.no/forskning/prosjekter/biorelevans

Workshop: Latest findings on welfare indicators in farmed Atlantic salmon (Sa/mo salar), Ski, 8
February 2024

Scientific papers

Hggstedt, E.B., Schellewald, C., Mester, R., Stahl, A. 2025. Automated computer vision based
individual salmon (Salmo salar) breathing rate estimation (SaBRE) for improved state
observability. Aquaculture, 595, 741535

Schellewald, C., Saad, A., Stahl, A. 2024. Mouth opening frequency of salmon from underwater
video exploiting computer vision. IFAC-PapersOnLine

Presentations

Dalan, Ida-Charlene (2024) The main methods for welfare assessment in farmed salmon.
Presentation, Workshop: Latest findings on welfare indicators in farmed Atlantic salmon (Sa/lmo
salar), Ski, 8 February 2024

Hoglund, Erik (2024) Indicators of stress coping ability in fish. Presentation, Workshop: Latest
findings on welfare indicators in farmed Atlantic salmon (Salmo salar), Ski, 8 February 2024

Muri, Ian (2024) Camera development to monitor respiratory frequency. Presentation, Workshop:
Latest findings on welfare indicators in farmed Atlantic salmon (Salmo salar), Ski, 8 February 2024

Remen, Mette (2022) Er skjelltap og finneskader utviklet i settefiskanlegget 8rsak til s8rdodelighet
etter vinterutsett? Presentation, TEKSET, Trondheim 2022

Remen, Mette (2024) External morphological welfare indicators in salmon, with focus on scale loss.
Presentation, Workshop: Latest findings on welfare indicators in farmed Atlantic salmon (Sa/lmo
salar), Ski, 8 February 2024

Schellewald, Christian (2024) Respiration frequency as welfare indicator and automatic recognition.
Presentation, Workshop: Latest findings on welfare indicators in farmed Atlantic salmon (Sa/mo
salar), Ski, 8 February 2024

Schellewald, Christian (2024) Respiration measurements of salmon. Presentation,
Dyrevelferdskonferansen, Online, 24 January 2024. Invited speaker.
https://etologi.no/dyrevelferdskonferansen/

Schellewald, Christian et al (2024) cAlge: Kunstig intelligens for overvaking av laksens velferd pa
individnivd, Havbrukskonferansen, Trondheim, 22-24 October 2024

Vas, Judit (2024) Social behaviour as welfare indicator. Presentation, Workshop: Latest findings on
welfare indicators in farmed Atlantic salmon (Salmo salar), Ski, 8 February 2024

Vas, Judit; Koers, Tosca B.L; Héglund, Erik; @verli, @yvind (2024) Interaction of the physical and
social environment shape the neural substrate for individual welfare states. Presentation,
Proceedings, Nordic ISAE conference, Ski, 7 February 2024

MSc and BSc theses

Koers, Tosca B.L (2023) Interpreting brain serotonergic activity and scale loss as indicators of
welfare in Atlantic salmon (Salmo salar): Role of the social environment and water temperature.
MSc thesis, Norges Miljg- og Biovitenskapelige Universitet (NMBU)

Hggstedt, Espen Berntzen (2023) Developing a deep learning pipeline for automated salmon
welfare analysis by respiration frequency. MSc thesis, Norges Teknisk-Naturvitenskapelige
Universitet (NTNU)

Gundersen, Hannah Normann (2024) Inter-observer variability in welfare scoring of Atlantic salmon
in aquaculture. BSc thesis, Norges Miljg- og Biovitenskapelige Universitet (NMBU)
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Report

Remen, M. (2024). Observasjon av skjelltap som indikator for fiskevelferd: hvordan vurdere effekt
pa helse og velferd? Leveranse i FHF-prosjektet BIORELEVANS (901736). Url.:
https://www.fhf.no/prosjekter/prosjektbasen/901736/.

5.4.2 Administration and reporting
Project manager role from @yvind @verli (NMBU) was delegated to Judit Vas (NMBU) (May 2023).

Mette Remen changed position from Akvaplan niva to SINTEF, with adjusted budget sharing and
role distribution between the two partners (see avviksrapport 5 July 2022).

As an additional activity, an extra data collection (WP1, Study 3) was added without modification of
budget (see avviksrapport 16 October 2023).

Dissemination activities were adjusted in form and deadline according to need for extra data
collection in WP1 and delay.

Project end was extended from December 2023 to October 2024 due to need for extra data
collection causing delay

Ethical permission was applied for and approved by the Norwegian Food Safety Authority
(Mattilsynet) (Study 1: FOTS 29399; Study 2: FOTS 29871).

Progress reports were delivered July 2022, January 2023 and July 2023.

Reflection notes were delivered after meetings with the reference group (12 December 2022) and
after the workshop 8 February.
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6 Main findings

6.1 Overview of the main findings

Statistical analysis of morphological welfare indicators and physiological indicators of stress coping
capability in a sea-ranged population of salmon demonstrated an association between brain stem
serotonergic activity, an indicator of chronic stress and stress coping capability, and the
morphological welfare indicators. Further investigation revealed that the condition factor was the
morphological indicator that showed the strongest relationship with brain stem serotonergic activity.
Moreover, changes in this relationship were observed at a condition factor of approximately 1, with
factors below 1 indicating a high risk for poor welfare.

Methods for automatic registration of individual fish and mouth-opening frequency (MOF) were
developed, and MOFs relation to respiration was verified manually and by responses to temperature
and hypoxia. Results from both laboratory and commercial scale testing, have provided information
of the magnitude of change in response to environmental parameters (temperature, oxygen), stress
and the persistent, individual variation in MOF. The changes in MOF in response to disturbance co-
varied with brainstem serotonergic activity, indicating a relationship between respiratory responses
to challenges, stress levels and coping abilities.

There was no clear relationship between scale loss and winter ulcer mortality after seawater transfer,
which may be related to the generally low scale loss values (6-14 % scale loss) before sea transfer.
However, in 'looser fish' (with lower condition factors), both greater scale loss (10-50%) and a
neuroendocrine response were observed (Study 3, WP1). These findings, along with previous
research, suggest that scale loss levels of 20-30%—higher than those typically observed in our
studies of fish in commercial scale farming—may be a relevant indicator of compromised welfare.
Lower levels may represent a risk for pathogen infection, but existing knowledge is not sufficient to
suggest a possible threshold.

In this project, the condition factor was verified as a welfare indicator through physiological stress
coping mechanisms. Current technologies that measure in-cage growth and length of farmed fish
using machine vision offer possibilities for real-time monitoring of this welfare indicator. Deviations
from expected growth trajectories and associated condition factors provide insights into the welfare
state of the fish. However, it is important to note that changes in growth and condition factor develop
rather slowly and can be caused by multiple underlying factors. Real-time registration of behavior
(via cameras and/or echosounders), combined with automatic registration of breathing frequency
and sensor information, provides data that, along with growth trajectories and condition factors, can
be fed into Al analyses. This Al potentially enables earlier identification of compromised stress coping
capability, and consequently, poor welfare and robustness in farmed salmon. Still, the greatest
bottleneck for the development of such information-based precision production is the demand for
real-time processing and data storage, as well as connectivity issues for remote farms. This
information can be used to plan and evaluate operational and treatment procedures while
maintaining the highest possible welfare status of the farmed fish.

6.2 Oppsummering av hovedfunnene

Statistisk analyse av morfologiske velferdsindikatorer (OWI-er) og fysiologiske indikatorer pa
stressmestringsevne i en populasjon av laks i merd viste en sammenheng mellom serotonerg
aktivitet i hjernestammen, en indikator pa kronisk stress og stressmestringsevne, og de morfologiske
velferdsindikatorene. Videre undersgkelser viste at kondisjonsfaktoren var den morfologiske
indikatoren som viste den sterkeste sammenhengen med stressmestringsevne. Endringer skjedde
ved en kondisjonsfaktor pd omtrent 1, hvor faktorer under denne verdien indikerer risiko for darlig
velferd.

Metoder for individuell gjenkjenning og automatisk registrering av munngpningsfrekvens (MOF) ble
utviklet, og ble verifisert som et mal pad respirasjon gjennom responser til temperatur og hypoksi.
Videre viste endringer i MOF respons til forstyrrelser en samvariasjon med hjernestammens
serotonerge aktivitet, noe som indikerer en sammenheng mellom respiratoriske responser pa
utfordringer, stressnivaer og mestringsevne.

Det var ingen klar sammenheng mellom skjelltap og vintermortalitet etter overfgring til sjgvann, noe
som kan vaere relatert til de generelt lave skjelltapverdiene (LAKSVEL-score 0,4-1,7) fgr
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sjgoverfgring. I studien som undersgkte sammenhenger mellom morfologiske velferdsindikatorer og
stressmestringsevne (WP 1 studie 3), indikerte forholdet mellom kondisjonsfaktor og skjelltap en
risiko for darlig velferd (kondisjonsfaktor < 1) ved et skjelltap som overstiger 12 %. Samlet sett
viste dette at fisk kan handtere relativt hgye nivder av skjelltap.

Det var ingen klar sammenheng mellom skjelltap og dgdelighet av vintersar etter overfgring fra
settefiskanlegg til merder i sjg, noe som kan veere relatert til de generelt lave skjelltapsverdiene (6-
14 % skjelltap) for sjgoverforing. Imidlertid ble bdde hgyere grad av skjelltap skjelltap (10-50 %)
og en neuroendokrin respons observert hos «taperfisk» (med lavere kondisjonsfaktor; Studie 3,
WP1). Disse funnene, sammen med tidligere forskning, kan tyde p& at skjelltapsnivaer pa >20-30
%—hgyere enn det som generelt ble observert i vdre studier av fisk i kommersielt oppdrett—kan
vaere en relevant indikator p& kompromittert velferd. Lavere nivder kan representere en risiko for
hudinfeksjoner (sarutvikling), men kunnskapsgrunnlaget for & foresld en terskelverdi er ikke
tilstrekkelig.

Oppsummert stgtter funnene oppfatningen om at kondisjonsfaktoren er en palitelig velferdsindikator.
Videre tilbyr ndvaerende teknologier som maler vekst og lengde ved hjelp av maskinsyn muligheter
for sanntidsovervdking av kondisjonsfaktoren. Dermed gir avvik fra forventet vekst og
kondisjonsfaktorer innsikt i fiskens velferdstilstand. Det er imidlertid viktig & merke seg at endringer
i vekst og kondisjonsfaktor utvikler seg ganske sakte og kan vaere forarsaket av flere underliggende
faktorer. En vei for @ muliggjere tidligere identifisering av kompromittert stressmestringsevne, og
dermed dé&rlig velferd og robusthet hos oppdrettslaks er & bruke KI. Sanntidsregistrering av atferd
(via kameraer og/eller ekkolodd), kombinert med automatisk registrering av pustefrekvens og
sensorinformasjon, kan gi informasjon som, sammen med forventet vekst og kondisjonsfaktorer kan
brukes til 8 planlegge og evaluere operasjonelle og behandlingsprosedyrer samtidig som man
opprettholder den hgyest mulige velferdsstatusen for oppdrettsfisken. Per i dag begrenses
utviklingen av slik informasjonsbasert presisjonsproduksjon av prosesseringskapasitet og
datalagring, samt tilkoblingsproblemer for avsidesliggende oppdretts anlegg.

7 Supplementary files

Supplementary Material S1. Literature review about scale loss
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9 Deliverables

At present, final reports, meeting with the reference group and a popular scientific publication is in
progress (Table 10). These will be issued after integrating comments and feedbacks from the
reference group to this draft.

In addition to the proposed deliverables, BIORELEVANS delivered a stand-alone report about scale
loss, including its biological relevance, development, measurement and implications to fish health
and welfare. The report is written in Norwegian for broader dissemination (see Supplementary
material S1).

The project was complemented with a study to examine variation between welfare evaluators when
assessing fish-based OWI. The results are published as a Bachelor thesis (Gundersen, 2024) and are
included in the present report (Chapter 5.1.3). The two Master’ s theses (Koers 2023, Hggsted 2023)
include additional results and literature reviews relevant to the topic.

Table 10. List of deliverables and present states

Title Original / Additional Status
Reflection notes from start Original Delivered
meeting with the reference

group

Status report to FHF (June Original Delivered
2022)

Reflection notes from meeting | Original Delivered
with the reference group (Dec

2022)

Status report to FHF Original Delivered
(December 2022)

Notes from meeting about Original Delivered
communication strategy

Manuscript of a scientific Original Delivered
article

Status report to FHF (June Original Delivered
2023)

Notes from workshop with end | Original Delivered
users

Final meeting with reference Original In progress
group

Popular scientific publication Original In progress
of summary of results

Scientific final report Original In progress
Administrative final report Original In progress
Review about scale loss Additional Delivered
Scientific article #2 Additional Delivered
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Appendix

Appendix |. Additional results to Study 2.

Welfare state of fish

As in Study 1, the fish based OWIs showed a generally good welfare state of the fish with no
severe injuries or abnormalities (Fig. A1). No Vertebrate deformity or Sexual maturation was
registered. For Jaw deformity, score 1 was given 6 times, all other scores were 0 or 0.5 (if from
one side it was scored 0 and from the photo taken from the other side the fish got score 1).
Cataract and Eye damage were also sporadic.
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Figure A1. The score of evaluated OWIs (based on LAKSVEL, ranging in theory 0 to 3) at inset of fish and at the
end of Study 2 (N=63 Atlantic salmon)

Effect of temperature on fish-based OWIs

In general, welfare states improved during the study (lower scores given at the end). The change of
the OWI values from start to the end of the study (calculated as score at the start — score at the
end, thereby positive values indicating better welfare at the end of the study) was compared between

the different temperature treatments (with Kruskal-Wallis tests).

We found differences

in

development of First impression, Fin damage, Skin bleeding and Snout damage (Table Al., Fig. A2).
Welfare regarding both First impression and Fin damage improved more in fish kept at medium and
high temperatures compared to fish kept at low temperature. Regarding Snout damage, the low and
medium temperatures were comparable, and both were lower that high temperature values. Skin
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bleeding got worse or remained the same in fish kept at medium temperatures, and while low
temperature being comparable to both, was quite stable (and so differing from medium) in fish from
high temperatures. SGR was found to be comparable in all temperature treatment groups
(Chi2=3.511, df=2, p=0.173).

Table Al. Statistical results of comparison of change in the specific OWIs between treatments (low, medium
and high temperatures), Kruskal-Wallis test (df=2 in all cases).

Chi? p
First impression 9.384 0.009
Vertebrate deformity NA NA
Emaciation 0.196 0.907
Scale loss 1.596 0.450
Wounds 0.230 0.891
Jaw deformity 3.300 0.192
Cataract 0.375 0.829
Eye damage 0.860 0.651
Opercular damage 2.067 0.356
Fin damage 8.420 0.015
Skin bleeding 7.896 0.019
Snout damage 17.403 0.000
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Figure A2. Change in First impression, Skin bleeding, Fin damage and Snout damage from start to end of Study
2 in fish kept at low, medium and high temperatures. Positive values indicate improvement in welfare during
the study.
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Effect of temperature on social behavior

Chases and bites were summed up for the analysis and expressed as aggressive interactions initiated
per hour for each fish. Different temperature treatments were compared with Kruskal-Wallis test,
and results indicated higher aggression shown in fish kept at Low temperatures compared to fish at
Medium and High temperatures (H(2)=19.090, p<0.001, Fig. A3).
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Figure A3. Aggressive behaviour shown by fish in tanks with Low, Medium and High temperatures.
Effect of temperature and acute stress on physiological stress indicators

A two-way analysis of variance (ANOVA) with Temperature treatment and acute stress test as
explanatory independent explanatory variables demonstrated interaction effects between these two
factors on (logarithm transformed) plasma cortisol. More specifically, baseline values plasma cortisol
levels in fish kept in high temperatures (H) were significantly higher (P> 0.05) than fish kept in low
temperatures (Fig. A4). While cortisol showed a remarkable increase in relation to confinement stress
(F=74.881, p<0.0001) it was unaffected by temperature treatment (F=0.755, p=0.475, Fig. A4).

No interaction was found in brain stem serotonergic activity (5-HIAA/5-HT). The serotonergic activity
was significantly influenced by temperature (F=10.357, p<0.0001) and only marginally affected by
challenge (F=3.298, p=0.075). Fish in the low temperature treatment had lower serotonergic
activities compared to both medium and high temperature treatments, the latter two being
comparable to each other.
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Figure A4. Cortisol (a) and serotonergic activity in the brain stem (b) in fish exposed to confinement stress or
controls, kept at low, medium or high temperatures.

Gene expression patterns

To compare gene expression patterns in fish kept at low and high temperatures, and fish exposed to
confinement stress before sampled or not, total RNA was extracted from the hypothalamus of all fish
sampled, and rRNA sequenced (6 GB, 20 M reads, for the detailed method, see Appendix II). Gene
expression patterns were compared between stressed and control animals within each temperature
treatment separately, and between high and low temperature exposed fish within controls and within
stressed subsamples. Differential gene expression in general, and more specifically in genes
proposed earlier as candidate markers of viral (VRG) or bacterial (BACT) infection, inflammation
(INF) or stress (STRESS) in Atlantic salmon (Krasnov et al., 2021) were explored.

When comparing samples from Low and High temperature treatments, and regarding only control
animals, we found 641 differently expressed genes (Table A2). These included, among others,
upregulation of proteins related to heat shock (hsp90 co-chaperon Cdc37, HSP 90-alpha, serpin H1-
like) and changes in apoptosis-related ones (upregulation in casp7, apoptosis inhibitor 5;
downregulation in apoptosis-associated tyrosine kinase b) in fish at higher temperatures.
Nonetheless, change in genes related to serotonin metabolism were also identified (downregulation
of acetylserotonin O-methyltransferase 2) along with changes in immune-related genes
(downregulation: interleukin 22 receptor alpha 2, B-cell receptor CD22-like).

Within samples from stressed fish, there was found differential expression in 630 genes between L
and H treatment fish. Among others, there was an upregulation in heat shoch protein genes (hsp90
co-chaperone Cdc37, serpin H1l-like, Heat shock protein HSP 90-alpha, HSPC020 homolog, Heat
shock cognate 71 kDa protein) at High temperature fish samples, and change in expression of
apoptosis-related genes (upregulated: MALT paracaspase 3, apoptosis inhibitor 5; downregulated:
protein CASP-like).

There were relatively few differently expressed genes when comparing control and stressed fish
samples within Low and Medium temperatures (45 and 68 genes, respectively), but there were over
1000 differently expressed genes within high temperature samples. These included among others 15
genes related to immune function (identified in Krasnov et al., 2021), such as upregulation of *
Endoribonuclease; ERN2" (VRG) and ° Matrix metalloproteinase-9° (BACT, INF, STRESS) and
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downregulation of © Ras GTPase-activating protein 1° (-INF), = Seizure protein 6 homolog * (-INF),
and ° Immediate early response 2-2" (STRESS).

Table A2. Number of differentially expressed genes in the hypothalamus when comparing different
combinations of Atlantic salmon kept at Low, Medium or High temperatures, and exposed to confinement stress
or not before sampling.

Genes
Group 1 Group 2 Total Upregulated  Downregulated
Low, control High, control 641 241 400
Low, stresed High, stressed 630 419 211
Low, control Low, stressed 45 44 1
Medium, control Medium, stressed 68 58 10
High, control High, stressed 1335 1182 153

The pure magnitude of differentially expressed genes after crowding being remarkable higher at High
temperature indicates, that physiological stress coping ability might highly depend on the
temperature, and the threshold for this might be at the border of our Medium and High temperatures,
around 16-17 °C, and this altered response can be observed at activation of immune-related genes.

60



Biorelevans (Project nr. 901736)

Appendix ll. Method of RNA extraction

This protocol describes a method for isolating total RNA from tissue samples using the RNAdvance
Tissue kit (Beckman Coulter, Inc.). The procedure involves tissue homogenization, lysis, RNA
binding to magnetic beads, DNase treatment, and elution. RNA quantity and quality are assessed
using a tape station RNA kit.

Materials and Equipment

¢ RNAdvance Tissue kit (Beckman Coulter, Inc.)

Qiagen TissuelLyser II Sample Disruption instrument

Magnetic separator

Nuclease-Free Water

70% ethanol

Agilent 2200 TapeStation system and high Sensitivity RNA ScreenTape kit (5067- 5579)

Procedure
1. Tissue Sample Preparation

1.1 Weigh up to 10 mg of tissue sample.

1.2 Add 400 pL of Lysis/Proteinase K (PK) buffer to the tissue sample.

1.3 Homogenize the tissue using the Qiagen TissuelLyser II at 30 Hz. Homogenization time varies
by tissue type, with soft tissues requiring approximately 2 minutes.

1.4 Incubate the homogenized sample at 37°C for 25 minutes for tissue lysis.

2. RNA Isolation

2.1 Transfer 400 pL of homogenized lysate to a processing plate.

2.2 Add 400 pL of bind buffer to each sample and incubate at room temperature for 5 minutes.
2.3 Place the samples on a magnetic separator for 6 minutes to separate magnetic beads from the
supernatant.

2.4 Carefully remove and discard the supernatant.

2.5 Wash samples with 800 pL of wash buffer.

2.6 Wash samples with 800 pL of 70% ethanol.

2.7 Perform DNase digestion by adding 100 pL of DNase Solution per sample and incubating at
37°C for 15 minutes.

2.8 Wash samples with 600 pL of 70% ethanol.

2.9 Remove final ethanol wash completely and allow beads to dry for 6 minutes.

2.10 Elute RNA by adding 40 pL of Nuclease-Free Water and incubating at room temperature for 2
minutes.

2.11 Separate the eluted RNA from the beads and collect in a fresh plate.

3. RNA Quantification using the Agilent 2200 TapeStation electrophoresis system. Made up of 3
elements: e 2200 TapeStation system (G2964AA) « High Sensitivity RNA ScreenTape (5067- 5579)
with High Sensitivity RNA ScreenTape Sample Buffer (5067- 5580) and High Sensitivity RNA
ScreenTape Ladder (5067- 5581) ¢ Agilent Software packages (2200 TapeStation Controller
Software, and TapeStation Analysis Software).

3.1 Evaluate the quantity and quality of isolated RNA using a tape station RNA kit according to the
manufacturer's instructions.

Notes

e Ensure all reagents and equipment are RNase-free to prevent RNA degradation.

e Adjust homogenization time based on tissue type to achieve optimal disruption without
damaging RNA.

e Perform all steps at room temperature unless otherwise specified.

e Follow manufacturer's safety guidelines when handling reagents and equipment.
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