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1 Abstract

The increasedadmonlice (Lepeophtheirus salma)j issue causawelfare concerns in salmon
aguaculture industry. Theesistancef lice to differentmedicinaltreatments heled researcho
increasinglyfocus on preventive measures rather than lice removal technigues. One preventive
measure is tsubmerge sea cages and force the salmon to stagrdedpe water colummvith the
goal ofmismatching the distribution of farmed salmon frthra surfacesearching infective salmon
lice copepodidsSubmergence, however, fasome challenges for the salmevhohave a
physostomous swim bladder thiatjuires them to access the surfaceake in air to refill their swim
bladder To compensate for hneed an underwater amdomeinstalledin thecenter of the cagean
ensure air access for the salmon. Different sizes of the dome have beeratekths study aim to
find a preferred height of the dome where the salmon can refill swim bladder, execute normal

behaviar and maintain good welfare.

In this study we tested three different heights of a sutfased dome ttestpotential diferencesin
surface behavior and welfarendicaors (using SWIM, Salmon Welfare Index Mdjld&etween the
different heights. All domes were 1 m diameter and mount#teicenter of a 3 m diameter

cylindric indoor tank. The different experimental heighitshe dome were 2 cm, 10 cm and 95 cm
with threereplicatetanks ofeachheights totaling of nine tanks. 3 608almon were distributed
between the nine tanks (400 in each tank). Adtescclimation period with domes, salmon lice were
introduced in all tanks as a stres#ehaviourabbservatios and SWIMassessmentsere

conducted regularly during the whole experimental period. Readitsatethat both welfare and
behaviour vere not negatively affected by dome height, suajgg that 2 cm dome height is
sufficient forswim bladderefilling and conducting natural behaviour. Results, however, revealed
increased snowtamage in 66 % of tanka condition thahas beembserved in previous

submergacetrials.



2 Introduction

2.1 The blue plate

The ongoing population growthill lead to an increased demand for faage 2011; Alexandratos
and Bruinsma 2012; FAO 201Agriculture is an important contributor for edible meat worldwide.
Expansion of this industry, however, facesligrayes as it requiseexcessive land useéhich is a
limited natural resourcgCostello et al. 2020A change in diet habits will be necessary to maintain
realistic production volume. An alternative food source is rfteat the sea, including fish,

shellfish and other aquatic organisms from fisheries and aquacUllusegroup represents 17 &b

all edible meat todafCostello et al. 2020Edible food harvesteflom the ocean has a physical
potential for expasionas 70 % of the earth is covereglwater and the major part of the ocean is
yet to be mappe@ahren and Sui 2016An increase in fishg effortsaiming to cover the food
demand in the future is, howay not possible without affecting the sustainability of the ecosystem
theabundancesf wild fish arelargely sensitiveo overfishing and with the current rate of fishing,

a lak of interventionwill reduce fish stockgLucas and Southgate 2012¢stello et al. 2020)
Overfishing has beearesearch topic for decades and different definitions have been introduced,
butresults generally indicatlat overfishing has a negative impactemosystenmealth(Beamish

et al.2006; Trippel et al. 2014)he scope of overfishing has increased as the fishery industry
grew, but increased knowledge of consequences of fishing has led to fishery management that
regulate the use of marine resour@keckson et al. 2001; Bergh et al. 200@) avoid further
overfishing and xploitation of wild stocks, aquaculture has become an important and efficient way
of using available resources in the #eat can provide nutrition to a growing hampopulation
(Costello et al. 2020)

2.2 Aquaculture

Aquaculture is farming of aquatic organisms that are inetshclosures aartificial infrastructures
analogous to terrestrial agricultutediffers from fisheries as farmers have ownershipraf
responsibility for feeding and husbandry of these organismsygéindostly maintain the
organisms for the majority of its life cyc{8tickney 2001)Modern aquaculture increasingly
utilizes selective breeding programs to ensure efficient production and maximal ecaheatue
for farmerswhile also considering welfare of the farmed f(3leletchea and Fontaine 2014)
Production isusuallyareaefficient and ensures edible meat harvesting witlaffecting the
number of wild fishas there ideally is no interaction between wild and farmed s{bldsh 2011)

Finfish aquaculture is the most widespread worldwide, being carried out in great parts of the world.



2.2.1 Atlantic salmon $almo salay aquaculture in Norway

In Norway, aquaculture of Atlantic salmoB&lmo salarhereafter salmon) started in the 1960°s,
and despite its short history,sthe most valuable farmed speciexidwidetoday(F.A.O. 2018)
Norwegian salmon aquacultunes experienced huge growth and rapid development since the
1980’s as a result of technological innovation and targeted reg&arolar and Engle 2016)
Despite the successd profitabilityof salmon aquaculture, it represents less than 5 % of total
finfish production worldwid€Costello et al. 20205SB states that productiafong the coast of
Norwayhas more or less stagnated the last ded&datistsik sentralbyra, 20pasa response to the
increasegrevalencef the parasitic salmon lick¢peophtheirus salmonithatarea threat to the
sustainability of the industrfMurray et al.2016; Myksvoll et al. 2018)

2.3 Salmon licel(epeophtheirus salmonis salmon aquaculture

The value of aquaculture is a product of the number of organisms harvested and the quality of them.
Farmers aim to maximize production without compromising the quality, which te#ue

aquaulture siteaving high densities of farmed organisms. The unnaluragh density of

salmonin a limited area of an aquaculture site enstigh availability of hosts for the salmon lice

and creates a high source of salmon lice infection preg¥amsen et al. 201.2An open mesh

netting is the only barrier separating the wild and farmed fish, and the lice larvae can easily spread
from farmed to wild fishand elevate infection on wild salmon as welb#dserfarmedsalmon in

the aregTaranger et al. 2015)n Norway, the Ministry of Trade, Industry and Fisheries reguille
farms to have I&s tharan average dd.5 adult female lice per fish (0.2 during migpatperiodsor

wild salmon in spring) by law (Forskrift om lakselusbekjempelse, 88, 2@d @nsure good welfare

and reduce environmental impact from the lice on both wildfamded salmoriHeuchand Mo

2001)

The salmon louse is an ectoparasitic crustacean with high fecundity treofdddod, skin and
mucus on wild and farmed salmonids (e.g. salmon, brown t8@anE trutta and rainbow trout
(Onochoryncus mykiys(Heuchet al.1995; Bricknell et al. 2006; Woo and Buchmann 2012;
Costello 2006)Infectionscancauseerosion injuries on skin of the salm@Forrissen et al. 2013)
redu¢ ng t h eapabildydaro8nsoregulatioffGrimnes and Jakobsen 1996; Wootéén
al.1982)and carbe fata) althoughonly for fish with heavy infectioa(Finstad et al. 2000;
Torrissen et al. 2013Yhe salmon louse develops through eight staglesréy the three initial



larvae stages (nauplii 1 and 2 and copepadtid)freeswimming and drifwith the watercurrents
before thanfective copepodid find a host to attach to and feed on, and develops into the sessile
stage chalimus Johnson and Albright 199 Hamre et al. 2013)hrough the two chalinastages,
the liceareattached to its host by two frontal filaments and is immobile. Follothisythe louse
develops into pr@dultin wherethe lousecanmoveunrestricted aroundn the skin of the host
between malts. The louse is mobile also the following preadult 2 and adult stageThe
unrestricted mobility of licet mobile stagesause the most severe physiological challenges
connected to licérinstad et al. 2000Adult female louse are fertilized by an adult male and
produces a pair of egg strings containing from-450 eggs per sdéleuchet al.2000) The eggs

are carried by the mother until they hatch as nauplii into the water and are distributed as they flow
by currents, which results in spatially widenging infection pressure. Lice reproduction occur
throughout the year, but temperature regulates the speed of the gdoteson and Albright 1991;
Stien et al. 2005)n the freeswimmingstages, salmolice naturally live near the surface or by the

halocline in fjord systems.

Measures to control salmon lice levels have been init{@edrton et al. 2019)ut the lice have
shown great capacity for resistance to different treatments (e.g. chemical and tflgtmgfgldt
et al. 2017; Igboeli et al. 2013} the short reproduction time allows resistant survivogenerate
offspring Problems connected to thee have increased line with the growth of the industry
(Torrissen et al. 2013; Vollset et al. 2018)

Salmon have several strategies to avoid salmon lice infedignating salmon smolteftenenter

the fjord instaywithin thebrackish part of the watéThorstad et al. 2012p avoid fresh water
sensitive infective salmon lice copepod(ti¢right et al.2016) However,if salmon get infected

with salmon lice, Furevik et. al (1993) states tiadiing activity of salmon increase as a response,
but whether this is a strategy aiming to remove attached copepodid or to prevent lice infestation by
reducing encounter time is unknowncreased jumping and rolling at the surface, as well as
increased swimmingpeedpften initiated by bursting, are suggested tetweductedas a response
to thediscomfortand itchingan infection cause for the salm(Bui et al. 2018b.)By increasng
swimming speegdsalmon camexperience the benefit of reducing encountering time with infective
copepodidgBui et al. 2018; Genna et al. 2005The moderate swimming speed of farmed salmon
could result in greater susceptibility to infecti@amsing et al. 201®)ppedal et al. 2010yvhile
migratingsmolt may be intermittently lowering potential encounter rates with burst swimming o

higher speeds during migrati¢hhorstad et al. 2012)



When salmon lice successfully infect a host, the most critical phase for the salmon is wieen the
develop tahepre-adult | stage(Grimnes and Jakobsen 199%he licechange morphology and

shift from being attached at one specific place of the salmonglboth chalimus stagéBron et

al. 1991) to be able to move around on the surface of the host alpte Preadult lice cause
increaseaf osmoregulatory problems for the saln{dvoottenet al.1982) as aesthe mechanical
damage since settlement is no longer I§Gaimnes and Jakobsen 1996hd salmon tend to

respond with increasdekehaviourahctivity (Furevik et al. 1993)

2.4 Submergence as a preventive measures against salmon lice

Salmon lice copepodids depend on finding a host before energy reserves formed during
embryogenesis depletedTuckeret al.2000) Copepodids migrate with ocean currents and
vertical dispersal occarclose to the surfaceith an aggregation at or just beneath the halocline as
they avoid salinities of 20 ppt(Heuch 1995; Crosbie et al. 20X9euchet al.1995;0ppedalet al.
2010) Both salmon and salmon lice use daylight to orientate in the water column, but their
response differ (Flamarique et al. 2000dpepodids arpositivdy phototacticand swim towards

the surface or just below the halocline after dawn, activedyching for a host, and sink at night
(Heuchet al.1995) Wild and farmed salmonids seek against the surface searching for food, but
will to a certain extent avoid high light intensities and prefer feeding when light i€ djnFerno

etal. 1995;0ppedal et al. 200D ppedal, Dempster, and Stien 2010; Westerberg 1982; Holm et al.
1982; Eldgy et al. 2017The opposite migration pattern increstee possibility ofcopepodids
encountering a host at dusk atavn, when their paths crozerno et al. 1995; Flamarique et al.
2000; Johannessen 197The developing resistance bfe to malicinal treatments have resulted

in increased focus on preventive measuiather than lice removal treatment meth@asrett et al.
2020) and one category of prevention focuses on this prinoipagrtical lice dispersianThe
conceptof submerging sea cages and hindering contact between salmon in sea céges and
surfaceorientedinfective copepodidsby creating a spatial barrier between thensucha measure
(Heuchet al.1995) A submerged sea cage is a modified cage that has a net roof, which prevents
the salmon from accessing thierface.The salmon therefore cannaetim in the shallow depths,

and submergence has thus far been condectgdd 4 and 10n depth in salmo(Oppedal et al.

2020).



Submergence of sea cages creatbarrier between the habitat of salmon and salmornrédecing
infection success of lice by removing host availahilRgsearch onsing submergesea cages have
hadvariablesuccess considering lice infecti®amsing et al. 2016; Sievers et al. 2018)h a

potential of up to 70 %eduction compared ttandarccagegSievers et al. 2018)-or the purpose

of preventing salmon lice infection, submergence bas be successfuAside from reducingjce
infections submerged fish can experience benefits of more stable conditions throughout all seasons
(e.g.Bricknell et al. 20060 ppedal et al. 2001jeduced levels of algae bloomi(il@empster et al.
2009)and storms that can lead to cage damage and egdapssn et al. 2009pubmergence of sea

cages can make it possible to introduce aquaculture induimnore exposed areas.g.offshore.

24.1Welfare of salmon in submerged sea cages

The varied lice reduction success achieved by submergagages can lmne benefit, however

lice areonly one of manyndicatorsaffecting the welfaref salmon Usingexternal physical

indicatorsfor evaluating welfare of fish in submerged cages (SW&ktien et al. 2013) studies on
shortterm submergence show better res(lippedal et al. 2020; Glaropoulos et al. 20th@n
long-termperiods aplying submergencé@orsgen et al. 2009; Sievers et al. 20E3h exposed to
long-term submergence tend to have higher snout damage compared to surfa¢Bieageset al.

2018; Korsgen et a009) A lack of surface access can result in more physical damage on snout,
skin and fins caused by i.e. interactions with the roof net when swimming upwards searching for the
surface, and high stocking densit{&orsgen et al. 2009; Turnbull et 2D05) Growth is,
however,observed to be maintained at normal levels in submerged sea cages (Oppedal et al. 2020
Sievers et ak018) Growth rate is considered a letegym indicator for welfaréHuntingford et al.

2006)and shoud be within optimal ranges during the production cycle.

2.4.2 Buoyancyof salmonin submergedages

Buoyancy of the fish ianimportantwelfareconsiderationbut is not taken into accouwith

SWIM, which only capturesisual welfare indicatordMost fish, including salmon, regulate

buoyancy by regulating the volume of their swim blad@énge 1953)Salmon hae an primitive,

open physostomous swim bladder that constantly leak air through the (Ramgke 1953) The

swim bladder volume is also regulated by changes in pressure caused by vertical movement in the
water column antdehaviaurs that deviates from swimming in normal speeds (e.g. feeding events
(Bui et al. 2013pand stressg¢ancause the salam to release air. Due to the constant change in

volume, salmon need to refthieir swim bladder to be able to maintaiautralbuoyarcy (Korsgen

1C



et al. 2009) Research suggeshat when surface access is absent, salmon will show behdvat
indicates negative buoyancy in less thamaek(Glaropoulos et al. 2019andeven after 24 hours
(Dempster et al. 2011pwim bladder will be emptied in 22 day®empster et al. 2009; Korsgen et
al. 2009) which is a limiting factoand atime cap of submergence. To compensate for negative
buoyancysalmon and herringpcreaseswimming speed anolf begintilted swimmingto create
hydrodynamic lift, &behaviar that is described in different studies on defpdlsed aquaculture
(Ablett et al.1989; Korsgen et al. 2009; Huse and Ona 1996)

2.5 Principles of @pthbasedpreventionin sea cages

Salmon have developed through centuries and adapted to a life style where they wander vertically
in the water columpat all times searching for food and avoiding predafdfesterberg 1982)

Migration patterns are affected by external factors like salinity, temperature, light and food
(Westerberg 1982; Javaid and Anderson 1967; SuttertirSéevens 1992fuggesting that salmon

seek the best conditions. Natural behawvif both wild and farmed salmon include jumping and
rolling atthe surface daily to gulp air and express stress or unfavorable condiioesample,

salmon lice infestation leado increased surface activififurevik et al. 1993)The upper meters of

the water column are frequenthyhabitat for salmon, hence submergence will impact their

behaviar. This have led further research on different strategies of deysthd seaages to ensure

surface access for salmon.

25.1 Snorkel cages as a solution

Current commercialltested solutionssingthe depthbased principlarethetarpaulin skirt(e.g.
Gragntvedtet al.2018; Stien et al. 2018nd snorkel cagge.g. Geitung et al. 2019; Oppedal et al.

2017) whereboth solutions include a physical barrier that separates the inside of the cage from the
surroundings. The snorkel is a hollow tube, impermeable to parasites, that extends from the surface
to beneath the habitat of the lice and leads down to a connected net cage that is lowered in the water
column. The construction astior the salmon to stayithe lowered net cage and minimize time

spent in the snorkelyhich should be used only for feeding and refilling at the surface. Research
shows 20-84 % reduced salmon lice levels on salmon in snorkel cages compared to commercial
surfacebased cags(Oppedal et al. 2017; Geitung et al. 20%€en et al. 2018Dppedal et al.

2019) Oppedal et al2017) suggesting that reduction success incsasitie increased depth. This
solution aim to reduce the number of delousing treatments during full seawater (Qasedal et

al. 2017) Oppedal et al. (2017) found that surface actmiasadequate to maintain normal
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behaviar in snorkelcages at all depths, although activity declined with depth. This assumption is
supported by salmon conducting normal swimming speeds in snorkel(Cgapedal et al. 2017;
Oppedal et al. 201%Btien et al. 2016)esulting in no observed negative buoya(@ppedal et al.
2017;Stien et al. 2016)Normal growth rate asmaintained in thenorkel cagstudiesOppedal et
al. 2017;0Oppedal et al. 201%Btien et al. 2016and welfare (SWIM) did not differ significantly
from surface based sea ca@@ppedal et al. 201D ppedal et al. 2017Except worse snout score
in fish held inthe modified cagé€Stien et al2016). However, Wright et al. (201@®ported more
positivescores for mouth damagen fish in snorkel cagecompared to normal cage, which can
indicate that variation in welfaiadicatorsis normal in aquaculture and skel cages do't
necessarily impact welfare of the fish negatively. One concern about the snorkeltbage is
potentialfor low oxygen levels in the snork@Nright et al. 2017)Beingimpermeable to parasites,
the snorkel can implicitly reduce water flow ashelcreasevater replacement, which can lead to
welfare concerns. One approach to this problem is installation of water puiinguiate flow

inside the snorkedndensure oxygeexchangewhich ha been successfiOppedal et al. 2017
2019)

2.5.2 Fullsubmergence of sea cages with air available from ashoane

Another preventative solution against salmon lice is theofisebmerged cagesipplementeavith
air-domes yet only commercially fulscale testely one companyOlafsen and Tjglsen 2020)
Unlike snorkel cages, this is a complstdomergencehere surface access is denied, but air is
available from a air-domesewninto the net roof (e.gOppedal et al. 2020; Korsgen et al. 2012)
The dome can be filled with air by an hvse from a compressor on laag done by Korsgen et al.
(2012). Other than the sea cage itself, there fsiriberphysical barrier between the farmed fish
and the surrounding environment, ensuring approximately normal water flovegladement. Full
submergencaimsto redice or eliminate encountering rate with salmon lice as a spatiahath
between them occu(g&. Oppedal et al. 2020Results from recent studies show elevated swimming
speed in submerged sea cages with ada@ine compared to surfabased cage@ppedal et al.
2020; Korsgen et al. 20123lthough velocities from both studies are withinrilbemal range for
speed in farmed salmon (0129 BL s (e.g.Oppedalkt al.2010; Korsgen et al. 200%ppedal et

al. (2020) observed normal swimming behaviwith no tilted swimming during submergence for

5-7 weekswith an airdome
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2.6.3 Learning capacity in salmon

Normal swimming speed armehaviar in salmon farmed in a submerged sea cage is an indicator
that salmorcanmanage to refill in aildome. Efficient refillingunder these conditions demonstrates
that salmorhave the capacity tadaptto new methods of accessing air for buoyancy maartee

Living in a predictable environment cassarmed salmon to have lower behaw@al learning

capacity than wildSalvanes et al. 201,3lthough it is present in both (eWechsler and Lea

2007; Bratland et aR010) Studies show normal surface behavim ai-domes after being
submerged & weekqOppedal et al. 2020; Korsgen et al. 20E2)d Korsgen et §2012) found

that salmon in smabcale farming (5m x 5m (7 m deep) cages) can adapt to refill through an air
dome inasubmerged sea cagmdresulted irsurfaceactivity comparable to surfademsed sea
cageqFurevik et al. 1993)in the studyby Korsgen et al. (20123almon were introduced to air

dome in two roundsyhereboth refill frequency and the amount of fish using the dome increased
from round 1 to round 2 of adome accesdVhen surface access was restored at trial end, no
increased leaping or rolling activity was obser(iédrsgen et al. 2012)n contrast to behavim

that is typically observed in submerged sea cages after surface access is restored, when jumps and
rolls are conducted in gin frequency (e.dkorsgen et al. 2009; Dempster et al. 20@@)aptation
success tanair-dome for farmed salmon is also found by Macaulay et al. (2020¢h introduced

one fish group to@mes (3 = 0.6 nti = 0.225 m) in fresh water tanks (@ = 3 m), while another
group were introduced to domesce transferred teea When adapting to refilling in a dome as
juveniles, refill frequency asthree times highewhenexperienced fish weriansferred to sea

cages with air-domes than for fishnaiveto domeswhich indicats that it is expedient to start
adaptation earl{i.e. acclimation is a positidearning experiencéylacaulay et al. 2020Both

studies were, however, conducted in Brscale cages (volume 175niMacaulay et al. 2020;
Korsgen et al. 2012and is not representative for industrial cage sizes. In comparison, Bakketeig et
al. (2013) conducted a trial wieefish in cages of2 000 niwere introduced tair-domes in sea,

and results showed that domes (area: Irx H: 0.3 m, covering 0.7 % of cage area) were not
frequently used for refilling. This was supported by observations of increasexning speed

already one day after submergeranad by increased surface activity feBéhours when surface

access was restored after 49 dd3akketeig et al. 2013Bakketeig et al. (2013) suggedthat the

area of the dome relative to the total surface area of the cage is relevant for refilling success in air
domes. Domes used by Macaulay et al. (2020) covered 3.96 % ddresg@ indoor tanks, and 0.7

% in sea cage area which may have had a positive adaptation success as juveniles. Stocking density

and cage size are other factors highlighted as relevant for refilling succesdomas by
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Bakketeig et al. (2013). Diffen strategies can, however, be used to manipulate fish into learning,
for instancdeeding (Nilsson et al. Unpubl.) or lighf@/right et al. 2015ould be usedear the
dometo attract fish to the dome area

25.4 How is welfare affected by submergence with access to airghr@ dome?

Oppedal et al. (2020) found that welfare scores (SWIM) were better in submerged cages with
access to an adome compared to submerged cages with no dome after a submergence period of 5
7 weeks. Results in submerged cages witllame,showedlittle difference in SWIM scores from
trial start to end. One cage had a decrease in skin condition scores, although results from both
before and after submergence were within the upp&Réartile for skin condition, meaning that
the damagevas visible as a scar tissue or scale [@gpedal et al. 2020Yhe other akdome

cages, on the other hand, experienced an increasesicofies from start to end, which indicate that
there are natural variations between individuals thahareecessarily affected by the use of a
dome(Oppedal et al. 2020%rowth ratesndicatedthat welfare vas positive with aspecific

growth rate (SGR, % growth per day) at 0.69, 0.94 and 1.2&itritd (Oppedal et al. 2020 he
welfare of salmon ialsoaffected by lice infectiothroughreducedmmune responses and
osmoregularitfGrimnes and Jakobsen 1996; Wootteal.1982; Dawson et al. 1999; Wagregr

al. 2008) and indirectly througldelousing treatments. $ubmergence manag® reducesalmon

lice infection intensitiegnd lower treatment frequency, the overall welfarelmimprovel in

relation to disease control

Thesuccessful prevention of infectidoy salmon lice in submerdeages is theoretically

independent of the presence of andmime. Using lice reduction success from earlier submerged
sea cageer snorkel cageg.g.Samsing et al. 2016; Sievers et al. 20d8pasis, one can assume
that salmon farmed in submerged sea cages will experieneedalmon lice levelshan in
surfacebased aquacultur&esults froncommercial submerged domes have, however, experienced
average score of adult female lice exceeding 0.5 licé fistwo occasions during 15 weeks of
submergenc@lafsen and Tjglsen 2020ksulting in one delousing treatment. It is relevant to

point out that salmoim this commercial trialere introduced to submerged sea cage at size 3 kg,
and were transferred from standard surface based sea cage via tredoumsing (Optilicer) before

they were submerged to 10 meters depliermal @lousing treatments dwt have 100 % lice

reduction succegsjungfeldt et al. 2017)and there is a chance that submerged salmon in this case
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introducedsalmonlice to the depth of the cage. Further researclicerievelson fishin submerged

sea cagess therefore needed.

2.6 Engineering and logistics of air-dome

If surface activityand behaviouincreasingly normalizes with bigger domes as suggesy

Bakketeig et al. (2013), the dome should ideally be as big as possible to meet welfare demands for
the farmed salmon. Constructing an@imethat carbe kept stable submerged in the water

column, however, requireomplexcalculations and can be technically challenging. Based on
Archimedes” principle, buoyancy can be described as the weight of displaced volume. Considering
an airfilled dome with volune 120 | submerged in sea water, buoyancy of the domé&ZB0 N) is
significantly higher than the weight of the dome /4 N), and the dome will thus rise in the

water.

Buoyancy w " O
Weight:®w " O

Buoyancy is calculated by multiplying dome volume (V), density of sea water () and
acceleration of gravity (G). Dome weight is a counterweight to buoyancy and is relevant for
calculatingtotal buoyancy of dome. Weight is calated by multiplyingrolume (V), density of air

(" ) and acceleration of gravity (G)o stabilize the aidome at a certain depth, a counterweight
equal to the dome’s force of buoyancy is requibaaine trials have been conducted with different
dome diameter$2revious studies have tested variousame areas for the domes used (Appendix
Table 7.1), and theumyancy of these would change dramatically with varying heights of the dome;
Fig. 2.1demonstrates the weight generated by buogafithese domes were the heights tested in
this study(2 cm, 10 cm and 95 cm).
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Calculated weight (kg) generated by bouyancy with three
different dome heights
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10000

0 U "~ " ==
0.28 0.8 3.1 4.9 7.1 12.56 50

Dome area (m2)

Fig. 2.1 Buoyancygenerated byhe three different dome heights used in this trial. Valuesatiscrepresensurface
area from domes tested in other trials or commercigilypendixTable7.1). Difference in buoyancy between domes

with different volume is prominent.

Technically, it is desirable to minimize dome weight to make it more praciwadyrthermore,
greater forces also generate greater risk. It is thus desirable to find the smallest possible dome size

thatstill ensure adequate swim bladder refilling.

2.7 Aims and hypothesis

A variety of dome shapes (e.g. squ@dfersgen et al. 2012; Bakketeig et al. 2Q13jindric (e.g.
Macaulay et al. 2020andoctagonalOppedal et al. 202Dand sizes (e.g. 0.6, 2, 4 m, H= 0.1,
0.3, 1 m) have been tested in submerged sea cages, and results suggeistid@hingcapacity

or acdimation the requirement for available domsige lowergNilsson et al. Unpubl This study
aimed to investigatsubmerged sea cages with-dogmes aim to findhe minimaldome height

where salmon can execute norrbahaviar. Salmon lice were introduced in tanks as an additional

stressor to provoke natufaéhaviouratesponsgin salmon.
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By holdingsalmonsubmerged witlthree different dome heighthe aimwas todeterminevhether
dome heighaffecedsurface behaviour and welfare of the salm®@bservations during infection
would reveal potential behavioural changkviating from normal behaviousnd suggest whether

the different dome heights are sufficient fomsah to express natural behaviour.

Secondarily, observations wiktvealthe capacityfor salmonto adapt to the different dome heights

and control surface behawoaccordingly.

The typothesisvas that reduced dome heightwid reducea salmon’s capacity for refilling ithe
air-dome,and thereforevelfare would be lower in tanks with lower dome heightfesh either
cannotrefill air adequatelyor they would acquirénjuriesfrom colliding into dome walls, lid othe

netroof.
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3 Materials and methods

Surfacebased aidomes with three different heights (2, 10 and 95 cm) were installed in indoor tanks
(9@ = 3 m), with three replicates per treatment. Fattugshg theexperimental period wasow the
difference of dome heiglaffectedbehaviar and welfareln a subsequ# period, salmon lice were

introduced in tanks for observation on hthesefactors were affected by an additional stressor.

3.1 Location and experimental sap

The experiment was conducted at the atondtoor f a
Matre in Western Norwayrom June to October 2020. The experiment was conducted according to

the Norwegian legislation for animal use in experimentation, and approved by the Norwegian Food
Safety Authority (application ID 22575).

The fish wereneld in cylindric tanks of 8.8 (@ = 3 m, H = 1.25 m) with water level of 1.10 m
(volume = 7.8 f). Mesh netting (5 x 5 nmeshsize = 15 mm) was placed over tank edge. Four lists
of 3 mm PE plates(solid plastic) withheight 25 cnwere fastened with vices vertically to the tank

wall over the net, to pin the net roof against tank wall beneath the water line. Along the tank wall, the
lowest point of the roof netting was 100 cm above tank bottom (10 cm beneath water level) (Fig.
3.1). At the surface, in the centre of the tank, the netting led up to the attachment point at the inside
of a hollow, cylindric surfacebased dome (@ =1 m, A = 0.8,6.7 % of surface area in tank), with

the bottom 105 cm above tank bottom (5 cm beneathr featel) to ensure limited surface access.

The dome was made out of two black-Etes connected together into a cylindric construction by
pop-nails. Depending on the treatment group, the height of the domes were either 2, 10, or 95 cm.
Inside the domewith height 95 cm, soft pads were fastened from3Bcm height to hinder the fish
from getting damaged from the popils. With this setup where the dome sat above the water

surface, air was providegtirough surface access within ttheme

3.1.1 Construction

The dome was connected to a fixed structure installed across the tops of the tanks: two planks of
timber were mounted to the tank above the water (L =110 cm, W =2.5cm, H = 10 cm), and
intersected two parallel traverses traat perpendicular on the tank (L =330 cm, W=4.8cm, H =
19.8 cm), creating a frame atop the tank that encased the dome in the cen8é)Fipe dome

was attached to the traverse to guarantee its h@gggypective to water levelvas stable throughub

the experimental period. The walkway also provided physical access to the dome, to ensure
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husbandry and observation through the dome. To avoid stressing the fish when walking the bridge,
one 2662606 plank (height 1 @®ifdofdhepridgeansl onealdsdte d t
the dome, and a garden cloth (150 x 130 cm) was nailed to both planks and the traverse. A parapet
like this was mounted on each side of the bridge.

After fish were transferred to experimental tanks, net roof was ptatedanks. Net roof was,
however, secured above water level so fish could access the surface across the whole tank. Dome

installationat the start of the experimental peribérefore occurred by lowering and fastening the

net roof to restrict surface access to only within the dome.

Fig. 3.1: Photo of a 10 cm dome installed in tank with a transparent lid on top. A) Four attachment points
(mar ketd) by o fin e c tteethk bridde eB) RHistmere fastened by vices to tighten the roof net
(mar keddo)wi th n

Nine tanks were used for the experiment; three tanks were equipped with a dome of 2 cm height
above water surface, three tanks of 10 cm and three tanks 9her.cm and 10 cm domes had a
fitted lid made of transparent 5 mm plexiglass fixed to the top. Lid was installed to prevent fish from
escaping through the top of the dome. The 9gomipswereconsidered as control groups, since a

dome of height 95m has practically no vertical limitation.
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As a blocking factor to keep a robust experimental design, the tanks were divided into three groups:
group 1 (G1), group 2 (G2) and group 3 (G3), wtakréhree dome heights were representeelaich

group and the three tanks experiensagne treatment drtimeline during trial period. Group 1

included tank 1 (height 2 cm), 2 (height 95 cm), 3 (height 10 cm); group 2 included tank 7 (height 2
cm), 8 (height 95 cm), 9 (height 10 cm); group 3 included tank 10 (height 2 cm), 11 (height 95 cm),
12 (height 10 m).

3.2 Experimental Atlantic salmon

A total of 3 600 Atlantic salmorS@lmo salay (weight at start: meah SE,279.34 + 8.28 g, fork
length: 28.69 £ 0.22 cm) were evenly distributed and randomly nettethane tanks, 400 fish in
each tank

Fish in all nine tanks were raised at the same research facilities according to standard production
procedures. In experimental tanks, fish were provitE€C seawater that was pumped in from the
adjacent fjord, filtered, and heated before entering the tank. The temperature and oxygen remained
stable throughout the trial through control and monitoring by automated systems. Fish were also kept

in a naturalightning regime with 24 hours light since trial was conducted during summer.

Fish were fed pellets (Spirit Supreme 3 mm and Nutra supreme 4 mm, SR)eféiolpwing a

feeding regime standard to husbandry requirements at the facility, the quandigdrés over

feeding and buildup of waste and biofouling on the roof net. Thus, feed provision was switched to
handfeeding from day 6 to the end of the trial. From day 61, all tanks werefedmdedicinal feed
(Floragpharma vet 2g/ kg, 3 mm, Skretfih¢o treat for bacterial infection, for 14 days (until day

75).

3.3 Experimentasalmon lice

Adult femalesalmonlice (Lepeophtheirus salmonigere collected from IMR sea cage research
stations at Matre and Austevoll. The lice were reattathiedmon in 0.41 mitanks (H=0.5m, W

= 0.9 m, B =0.9 m) at the facilities in Matre, to allow the lice to mature and reproduce, providing the

larvae for this experiment.

To produce the copepodids used in this study, egg strings were harvested from tleeradiellice
and incubated in a 0.002Fth = 17.5 cm, W = 15.5 cm, H = 8.5 critpw-through incubatountil
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the larvae had moulted through the nauplii stages into the infective copepodid stage. At 15 °C, this
took approximately 4 days since hatch{htamreet al. 2019) The incubators were provided

seawater from the same header tank that supplied the experimental tanks. Tthedlmh system
ensured constant water exchange for the larvae, with seawater filtered througmadinsieve

before entang the incubators through a 5 mm hose, illustrated in32g.The incubators were

made of two boxes of same size, stacked into each other. The inner box hashestmnigottom to

ensure flow, and the water left the outer lirmm an outlet at height.B cm.

Fig. 3.2: Photo offlow-throughincubator system. A 20 mm hose from the water in the kewdd was put into

a sieve placed on top of the yellow bucket to filter the water. 5 mm hoses from the bucket supply filtered sea
water intoincubators. The inner box congsiof a bottom of mesh netting ensuring water replacement.

Outlet on each incubator (black pipe on the outer box) ensure constant water replacement and determined

water level in incubator.

3.4 Salmon lice infestation

Salnon lice copepodids were collected from incubators at research station in Matre (see Section 3.3).
Approximately 8000 copepodids were introduced in all tanks. Infestation pressure was calculated by
estimating an infection success of 50 %, and an infetgigzl of 10 lice per fish. The number of lice

was estimated by pouring the copepodids into a measuring jug, adding enough sea water for the total
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volume to be D00 ml. The mixture was mixed well before 20 ml of the mixture were pipetted into a
counting tay. The number of lice in the tray was counted through a stereo microscope (counting
only live copepodids and excluded dead larvae or nauplii) and the counted number was then
multiplied by 100 to get an estimate of the number of lice in the jug. Estinvasisachieved

through six aliquots, and the average of these was the calculated total number of lice. How much of
the mixture necessary to pour into the tank was calculated based on the total estimated number of

lice in the incubator.

Infection challenge occurred a period of time after the domes had been ingtadéte 3.1) For

infestation in the experimental tanks, water level remained the same to maintain surface access only
in the dome, while water flow was reduced to 10 litersinirhe lice wergoured from a bottle into

the water outlet in the tank for best possible distribution. Water flow remained reduced for 30
minutes after infestation. During these 30 minutes, both physical observations and camera
observations was conductdde three tanks each groupvas infectecbn the same day, although

infection day varied between groups.

3.5 Sampling procedure

Fish werdransferred to the experimental tanks 11 days prior to domes being installed. During this
trial, two different kinds of samplings were conducted. Physical observation of surface behavio

was conducted most frequently, and welfare evaluation using SVéddanducted a total of four

times per group (three times for G1). The thaek groups (G1, G2, G3) had different trial lengths

as there was a shortage on salmon lice, and all groups could not be infected at the same time. Trial
lasted 56, 7&nd 92 days for G1, G2 and G3, respectively. Timeline for each group is illustrated in
Table3.1

Table3.1 Timeline showing all activities of the three treatment groups (G1,G2,G3). F: fish into tank, D: dome installed,
green color: surface observatiogrey color: SWIM (*= including lice counting); orange color: lice infestation.
Week | 26 | 27 28 | 2913031323334 (35| 3 |37|38| 39 |40|41 |42

Gl |F D *
G2 | F D *
G3 | F D *

22



3.5.1 Behaviaral sampling

Surface behavior was recorded a minimum 4@parate occasions for each tank. All observations
were conducted by the same person to standardize assessments, and were exclusively collected
through visual observations. During acclimatization period in tanks immediately after transfer,
behavioural obsgationswereconductedor 10 minutes twice a day (before and after feeding) for
two days, and wereonsidereds controlbehaviar. Observations separated between jumping and
rolling at the surfaceglsoreferred to as surface searching and refillmegpectively. 11 days after

being transfeed domes were installed, and the trial period started (Day 0). Acclimation patiod w
domes lasted 25 days, and during this period, observations were conducted relative to feeding (15
minutes before and after feeding). Ther@asvhowever, no clear pattern in activity before and after
feeding €.9.Fig. 4.5), and was therefore not &k into account in analyses. Duration of acclimation
period was determined on basis of research suggesting that swim bladder should be emptied within
22 days if access to air is abs@torsgen et al. 2009; Dempster et al. 20@9) observations were
condwcted through the dome in the middle of the tarfkw minutesftertheobserver stepgdon

the walkaway as a small acclimation period

After the domeonly period, salmon lice were introduced in tanks in G1,3nobservationper

tankwere conducted with same and increased frequency as in theadolmeation periodFour
observations were conducted before salmon lice were introdutaakis, one observation during the
infection challenge, and 26 in the following peri6dr G2 and G3, observations were conducted
twice a week until one week before tanks were infected with lice. Observations conducted between
acclimation period with domesnd lice infection (week 32, 33 and week 32 for G2 and G3,
respectively), are not included in results because observations were conducted to ensure normal

behaviar and that fish were healthgndwerenot relevant for the aims of this trial.

When being infected with salmon lice, behawiavas recorded ten minutes prior to and 30 minutes
during lice infectionwith a camera (GoP#&a San Mateo, CA, USA). In addition, physical
observation was conducted for the 30 minatiésr lice were introducedhe first two days after
infestation behavioural observationgerefrequentlyconducted15 minutes four times a day).
Frequent observations were also conducted when > 90 % of the lice had developeatitdt{dre
stage (10 and 11 days pastestation).Salmon lice infection is suggested to cause immediate
increased frequencies of twitching and burs{iBgi et al. 20183)while when moulting to pradult,

lice are suggested to cause increased activity of infected s@fuaevik et al. 1993)
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In the period related to lice infections, frequency of bursting, twitching and side swimming deeper

were also recorded in addition to jumping and rolling, because these hebaveare observed to

appear at high frequency and are known to be correlatefection(Bui et al. 2018)Jumping and

rolling behaviour occasionally resulted in fish coming into contact with the lid, and therefore were

gualitatively distinguise d bet ween O6i nto | i

However, analyses did not distinguish differences with lid presence or abSearu#ardised

descriptions of specific behaviours are clarified in T&k

Table3.2 Description of behavigral parametergecordedduring behaviouralobservations duringalmonlice

infestation period.

dé and no

Behaviour

Description

Measure

Jumping

Upwards acceleration under water before breaking the
surface in high speed, head first. In the top position, the
whole body is above surfa¢Burevik et al. 1993; Bugt al.
201&).

Frequency per minute

Rolling

Upwards acceleration with slower and more controlled
movement towards the surface than when jumping.
Breakingthe surface in a smooth movement/ like whale
surfs and only dorsal part of the fish is above surface
(Furevik et al. 1993; Bui et al. 2043

Frequency per minute

Burst

A sudden increased swimming speed, at or close to
maximum capacity. The movement is set in motion by
caudal fin. Most bursts start with a twitfBui et al. 2018).

Frequency per minute

Twitching

A twitching of-fotmHrem sidetd side i
while swimming, like shaking off an irritation. Powerful
movement, not to be confused with a normal change of
direction. Ending and starting in the same posifiui et
al. 201&).

Frequency per minute

Side- swimming

A mild twitching when the fish is swimming either
horizontally on the side or turning upside down. The
twitching that occurs while sideswimming isnot as

powerful as the twitching when it occurs alone.

Frequency per minute

3.5.2 Welfare evaluation (SWIM)

Welfare evaluation, using the salmon welfare index model (SW&tien et al. 2013) was

id,

conducted prior tinstallation of domegpre-installation sampling)25 days after installatiop@st

installation sampling prior to salmon lice infestatiopiie-infection sampliny and after salmon
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lice had reached adult stage 21 days after infestatimh $ampliny For G1, only three samplings
were conducted as samplipgstinstallation and prénfectionwere combined because lice
infestation occurred done only 10 days afmpling postnstallation Results from sampling
postinstallation (G1) ar@resented as piiefection Basis for SWIM scorand growthcalculations
aretheindividual score of each welfanedicator, separated between tanks. SWINMsiassessed in
5%, 5.2 %, 5.6 % and 11.7 %tbetotal amount of fish for sampling prand postinstallation,

pre- infection and end, respectively.

For the SWIM samples, fish were collected from the tanks for physical assessment. Water level in
tanks was lowered to a volume of 1000 liters, water flow was regulated to 1@nlitetsand 30 g
Finquéd (tricaine methanesulfonate) were added to lightly sedate the fish and ensure randomised
netting The roof net was loosened from one side of the bridge to be able to net the fish. When the
salmon were calm in the tank, 20 fish were netted iftoléing tank with 100 liters of seawater with
same water quality as in the tanks, and 20 g Finquel for euthaniasepaed. For all fish, weight

(9) and length (cm) were measured. Specific growth rate (SGR) was calculated by the fafpula ((
1)100, vhere G = (InK2)-In(X1))/(t>-t1). X2 andX1 represents body weights at timteandta.

Welfareindicatoss and scoreéange in the SWIM model were adjusted after samplenstallation

because the scale was not specific enough. At samplagtadiation indicators scored were

vertebral deformity, fin status, scale loss, eye bleeding, cataract status, gill status, skin bleeding,
snout wound, and emaciation. At subsequent sample pointadibhatorin f i n st at us o was
into fin split, fin bleeding ad fin erosion, and an indicator for presence of wounds was added to the
skin status category (Tab®3). Also, in subsequent samplingsaling for all indicators were also

changed to have the same ramgihin the same catego(ffable3.3). Scoring scales increase with

severity with thehighestscor indicatinga condition so severe that the fisbuld beethically

considered at a humane endpoint for eutisa@{Stien et al. 2013; Folkedal et al. 2016; Noble et al.

2018)
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Table3.3 Welfare indicators with scoring range on samplingipstallation (prior to dome installation) and samplings
postinstallation, preinfection and end (after dome installation). Scoring scale was changed after sampling pre

installation aftedeterminingthat changes would giveraore detailed resulEcoring scales increase with severity.

Welfare indicator Score scaling (prior to dome Score scaling (after dome
installation) installation)
Vertebral deformity 1-6 1-6
Cataract status 1-6 1-4
Gill status 1-4 1-6
Snout wound 1-4 1-6
Emaciation 1-4 Not assessed
Eye bleeding 1-6 1-4
Skin bleeding 1-6
Scale loss 1-8 1-6
Wounds 1-6
Fin status 1-5
Fin bleeding 1-4
Fin split 1-4
Fin erosion 1-4
Skull damage 1-6

The samesampleprocedure was followed f@ndsampling, but 40 salmon were assessed instead of
20, and lice abundance recorded. Dutimgtrial period, an increased prevalenceskdll woundwas
observedwhich resulted iskull wound being included in SWINbr endsampling for G1 angre-

infection and endamplingfor G2 and G3

3.6 Data analysis and statistics

Analyses were conducted in R (gR mlrolrMB 6T, ananvi A S2S0H
0 | s meMpodels @ere run in R by S. Bui, and results interpreted by HenBkédkenOppedal.

3.6.1 Behaviour

Each behaviour was converted to behaviourhtinstandardise the different observation durations.
Observations were pooled between before or after feeding within a day. The behaviours were
separated into the Periods before dome installation, after dome installation, immediately prior to

infection, duing infection, and the days after infection occurred. For the period after infection, days
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postinfection (DPI) was used as the time factor due to the slight difference in sample day between

Groups.

Three model s were tested owdimnngl MBhoe pdagclknangTeMB n
behaviours prevs postdome installation (before infection; jumping and rolling behaviour only),
behaviours the days prior to infection vs during infection, and behaviours prior to infection vs days
after infection. Each bekisur was individually tested using generalised linear mixed effect models
which included Dome Height, Period or DPI, and Group as fixed factors, and Tank as a random
effect. The full model was compared to the null model using é8Gbhared test, and ifgiificant,

the full model runPost hoc was not conducted for sample time as factor, asatbe@nly two

sample time#n the Sample factor.

3.6.2 Welfare scores

As the scoringystem was different between the-pi@me installation and the subsequent samplings,
pre-dome welfare was analysed alone among Dome Heights and GroupdoPesinstallation,
welfare scores were compared between the sample point prior to infactidle sample at the
conclusion of the trialDifferences in scores due to treatment factors or sampling time were
evaluated using a proportional odds logistic regression with -sitheal hypothesis test, using the
6polré functi on .(ThekAdslSWith quautaiva fgactor imclnsioRwere compared

with the null model based on AICc values, and the most suitable model selected. For models that had

a significant Dome Height or Group factor, pbsic pairwise comparisons were conducted to

T

detemi ne di fferences among the | evels in the f a

that had a high prevalence of single scores (e.g. almost all scores = 1) could not be analysed because

of the limitations of the regression with this dataaat] therefore are only qualitatively presented.

3.6.3 Growth
Because of the different timelines between Groups and varying durations of dome acclineation
number of daydefore infection), and the single tank replicates for Dome Height within each Group,

body size and growth parameters (length, weight, SGR) were not analysed.
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4 Results

4.1 Growth

Average weight of experimental salmon increased from 279.34 + 8.28am @®E) to 321.51 +
2.66 g, 366.85 + 11.21 g, and 408.93 + 11.28 g for G1, G2 and G3 respectivedy \HFuy trial

end. Length increased from 28.69 + 0.23 cm to 31.03 £ 0.08 cm, 32.94 + 0.35 cm and 33.55 +
0.18 cm in G1, G2 and G3 respectively (A@). G1 was in the experimental period for 56 days,
G2 78 days, and G3 92 days. SGR, which accounts for study duration, varied between 0.19 in
tank 7 to 0.65 in tank 1 (Tab#el). Because of different study duratiand bacterial infection

leading to highmortality occurrenceSGR was not focusemh.

Weight development during trial
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= 350 Tank 1,2 cm
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i 300 ege=Tank 3, 10 cm
8 Tank 9, 10 cm
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250 g Tank 2, 95 cm
I
=@==Tank 8, 95 cm
J_ == Tank 11, 95 cm
200
150
0 25 56 78 92
Trial day

Fig. 4.1: Average weight at all samples of each tank. All tanks were measured Day 0, the other samples occurred at
different times. Graph shows a slight decreased weight frontgp®stinstallation, but overall, weight increased
from preinstallation to endsampling. Weight was not measured for G3 day 56. Weight for G1 was no measured

after end sampling day 56, the same counts for G2 (end sampling day 78). Error bars represand si&nidtion

for the replicate tanks in each group. NBayis starts at 150 g.
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Length development during trial
35

=== Tank 1, 2 cm
—@=—Tank 7, 2 cm
I Tank 10, 2 cm
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Average length (cm)

25
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Fig. 4.2: Average length at all samples of each tank. All tanks were measured Day 0, the other samples occurred at
different times. Length increased during the whole trial. Weight was not measured for G3 day 56. Weight for G1 was
no measured after end saling day 56, the same counts for G2 (end sampling day 78). Error bars represent

standard deviation for the replicate tanks in each group. group. N&xig starts at 25 cnibome height groups are
represented by shades of orange (2cm), blue (10cm), ol(@fBewn).

Table4.1: SGR of fish in each tank, calculated from prior to dome installation until end sampling.

Treatment Tank Experimental period SGR
2cm 1 56 0.65
95 cm 2 56 0.21
10 cm 3 56 0.39
2cm 7 78 0.19
95 cm 8 78 0.29
10 cm 9 78 0.35
2cm 10 92 0.39
95 cm 11 92 0.38
10 cm 12 92 0.36
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4.2 Mortality

A total of 388 fish died across tanks during trial, which is 24 % of the total number of
experimental fishmortality in each tank is listed in Table2 (Appendix). Mortality ratesvere
elevated in the period Julg® (day 20)August 12" 2020(day 37)(Fig. 4.3) which constituted

83 £ 2.8 % (average % + $Bf total mortality. In tank 8, 93 % of total mortality occurred in this
period.Most mortalities that occurred outside bist peak window appeared to have wounds that
likely contributed to their mortalityAside from the mortality in tanks, 80 fish in each tank in G1

were sacrificed for samples, and 100 fish in each tank in G2 and G3.

Mortality in all tanks during trial period
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Fig. 4.3 Distribution of mortality during trial period, excluding fistacrificed forsampling.There wered00 fish in
each tank at trial startAn accumulation in mortalitwasobservedrom day 2635, where both numbers of dead fish
and frequency of mortalityas high. Mortality was highest in tanks 2 and T20ome height groups are represented
by shades of blue (2cm), grey (10cm), or orange (95cm).

On August 8, a veterinarian confirmed that fish were infected with bacterial disease, which
resulted in all tankseing fed medicine feed (Floragpharma vet. 2g/kg, Skréttimith active
substance florfenicol) from August'619" 2020, a period overlapping with the high mortality

rates.
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4.3 Surface behaviour
Quantitative and statistical analyses are broadly seguhirato two periods that target the period of
acclimating to the dome and learning to use the space (4.3.1 Dome learning period), and the period

related to lice infections (4.3.2 Lice response).

4.3.1 Dome learning period
A total of 17 observations pgroup were conducted during the defearning period (DLP),
including four observations before domes were installed. Parameters observed were jumps and

rolls.

Table4.2 Results from the ANOVA comparing the null model to the full GLMM model for behaviour dagagre
postdome installation. Th€hi-squared valued?) andp-valuefor jumping and rolling behaviour full models are
reported, with significant differencestfee null model indicated (*).

Parameter G 2 p
Jump 8.51 0.037*
Roll 6.98 0.073

4.3.1aJumping

Total jumps observed during DLP were 401. Distribution of jumps were 90, 191 and 120 jumps
mint for heights 2 cm, 10 cm and 95 cm, respectivieigquency ofumps were statistically

significant with treatment as a factor (TaBl@). Dome heightg = 0.004) was significant for
distribution in DLP with aeraggump frequency min0.12 + 0.04, 0.24 + 0.06 and 0.11 + 0.03
jumps mintfor dome height 2 cm, 10 cm and 95 cm, respectively.4=#gllustrates a decrease

in jump frequency in all dome types after domes were installed, which were further stabilized at a
lower frequency. Jump frequency in the four observations before domes were izstetkged
betweerD.42 £ 0.05 in tanks with heigB cm, 0.66 £ 0.03 in 10 cm and 0.29 £ 0.04 in 95 cm.

For the 13 observations conducted when domes were installed, dome height 2 cm averaged 0.03
+ 0,10 cm 0.07 £ 0.01 and 95 cm 0.04 = QAfpendixFig. 71).
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Jumping frequency min-' during dome leaming period
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Fig. 4.4 Jumpfrequency min in dome learning period relative to feeding (before/ after). BF= before feeding, AF=
after feeding, dpi= days poststallation Average jumps mitwith standard error bars representing standard error

of the mean presented by dome heitjoingng decreased activity level after domes were installed.

4.3.1bRolling
A total of 1494 rolls were observed during DLP, distributed between tanks of dome height 2 cm,

10 cm and 95 cm with 593, 536 and 365 rolls, respectively. Although the vayiabildlling
behaviour was not statistically different from the null modgidendixTable7.3), the full

GLMM with treatment as a factor indicated a significantly lower frequency of rolling in 95 cm
dome tankgestimate =0.28,p = 0.017)compared to 2 cnAverageroll frequency mirtin all

tanks varied from 0.03.09.

Rolling activity in tanks during dome learning period
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Fig. 4.5: Roll frequacy mint in dome learning period relative to feeding (before/ after). BF= before feeding, AF=
after feeding, dpi= days pbinstallation Average rolls mir with error bars representing standard error of the mean
presented by dome height. Activity in 2 cm domes peaked on first observation after installation, then frequency

stagnated at initial level.

4.3.2 Lice response period

Lice response period (LRP) inclutlanalysis of longand shorterm effects of lice infection.
Comparing observatiornme and postinfectionaimedto reveal how salmon lice infection chasge
behaviour of salmon (lonterm). Comparingbservations prenfection to response during infection
(shortterm) aim to observéheimmediate responsa salmonto infective lice.Results from short

term behavioural comparisons @resentedn section 4.5.2.

Table4.3 Results from ANOVAomparing the full GLMM to the ndllypothesis for each behaviour. &guared ¢2)

andp- value are presented. Significanvplues are indicated with *.

Parameter G 2 p

Jump 21.34 <0.001*
Roll 16.08 0.0011*
Burst 10.331 0.016*
Twitch 4.16 0.245
Side swimming 53.85 <0.00F

4.3.2aJumping

During LRP, the full GLMM model was statistically significant from the null mdég@pendix
Table7.4), indicating thatistribution ofjumping behaviour was influenced by treatment and
sample. Jumping behaviour was affected by dome height, with highest activity in height 10 cm
(estimate = 0.27& = 0.001) and significantly lower frequency in dome height 95 cm (estimate =
0.177,p = 0.04).While infected jump frequency increased in all dome heighith varied

frequency between samplesd thesame pattermvas evidentvhen lice malted into preadult,
illustrated in Fig4.6.

Sample time (days post infection, dpi) v&gnificant factor for jumping frequency (estimate =
0.019,p < 0.0Q1), with increased activity after infection (Fi.6). Behaviour did also differ
between groups, witkignificantly lower frequency G2 than G1(estimate =0.250,p = 0.05),
illustrated in Fig 7.2 (Appendix)
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Jumps did most often end @ollision with the domdid for both 2 cm (82.7 % of all jumps) and 10
cm tanks (68.8 % of all jumps) (Tabled). 95 cm tanks did not have lid. Total amount of jumps
was lowest in 2 cm tank875) and highest in 10 cm tanks (837) (Tahk.

Jump frequency min-1 during lice response period
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Average jump min-1
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Pre-adult week 1 | Adult
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Pre-infection Frequent observations after infection [Copepodid week 1| Frequent observations, lice pre-adult

dpi [-g-(-123] -3- (-6} 1 5 5-7 7-8 10-11

BF | AF

9-10 13-16 19

BF 'nr

12-13

BF AF

During infection

m-'r m—'|111- |m- BI-‘| A]-|-m-'|m- ]1I"|;\]- BF |A1'|131- |;\1- BE-‘|M-| BF |.-\|-' lil-’|;\l- m-‘|m-‘

Time of sample

Fig. 4.6:Jump frequencynin in lice response period relative to feeding (before/ after). BF= before feeding, AF=
after feeding, dpi= days pesgtfection. Presented as average frequency per dome height (junfss SEM).

Graph illustrates increased frequency of activity when ligeti®duced in tanks, and also after lice reach-dult

stage.

Table4.4: Distribution of jumps during lice respongeriod relative to dome height. Showing total number of jumps,

jumps into lid and no lid, also by percentage.

Dome height Total Jumps into Jumps no % into lid % no lid
jumps lid lid

2cm 375 310 65 82,7 17,3

10 cm 837 576 261 68,8 31,2

95 cm 678 - 678 - 100

TOTAL 1890 886 1004 76 % (excl. 24 % (excl.

95 cm) 95 cm)
4.3.2bRolling

Initial roll frequency min*during LRP averaged betweerl®1. Overall, frequency increased,

with 2 cm dometanks averaging highest (highest frequeolsgerved being 4.54 rolls miron
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day 10 after infection) while 95 cm dortenks averaging lowest. Rolls were evenly distributed
between into lid (56.8 %) and no lid (43.2 %) (Tabls).

Difference in rolling frequencies between treatment groups was statistically significant (Table
4.3). Dome height was a factor that affected beharaldistribution, with dome height 95 cm
averaging a significantly lower frequency than 2 (@stimate=0.45,p = 0.002) Sample time

was also a significant factor for roll behamidestimate = 0.019 = 0.0018) withincreased
frequency over time. Although behaural distribution differedsignificantly between G1 and

G3, response pattern was similar, althloatdifferentfrequendes (AppendixFig. 7.3).

Roll frequency min' during lice response period
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Fig. 4.7: Roll frequency mihduring lice responseperiod presented by average per dome height (rollstin

SEM). BF= before feeding, AF= after feeding, dpi= days fiagection. Rolling frequency increased in all tank

heights when lice moulted to paelult, with 2 cm tanks averaging highest.

Table4.5: Total amount of rolls and percentagerofis into lid and no lid presented by dome height. 95 cm domes

had no lid and has therefore 0 rolls into lid.

Dome Total Rolls into Rolls no lid % rolls into % rolls no

height rolls lid lid lid

2cm 1631 926 705 56.8 43.2

10 cm 1244 107 1137 8.6 91.4

95cm 974 0 974 - 100

TOTAL 3849 1045 2804 32.7 (excl. 95 67.3 (excl. 95
cm) cm)
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4.3.2cBurst

Adding all observations in all tanks, a total of 279 observations were conducted. 262 of the
observations recorded frequencies df bursts mirt, whereas fish in domes of 2 cm height
exhibited 11 samples averaging > 1 burstsinirhe full GLMM model wa statistically
significant with dome height as an influential factor dastribution ofburst behavioursTable
4.3), with dome height 95 cm relative to 2 cm (estimat@.253,p = 0.00035) exhibiting the
lowestburst frequencies. Burst swimming wasoaddfected by groups, wheagtivity in G2
(estimate = 0.114 = 0.0089) and G3estimate = 0.347 < 0.0001) werdnigherrelative to G1.
Response pattern, however, followed the same trend in G1 and G3, although at different
frequenciesAppendixFig. 7 4). Highest observed burst frequency was 4.18'intank 10 (2
cm) during infection. Elevated frequency was observed in all tanks on this sampling, in response

to exposure to infective copepodids ().

Burst frequency min-! during lice response period
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Fig. 4.8:Burst swimming frequency mimluring lice respons@eriod presented by average per dome height (burst
min't SEM). BF= before feeding, AF= after feeding, dpi= days pimgection. All tanks had increased activity

during infection, but burst swimming decreased the following days.

4.3.2dTwitch
Frequency of twitching behaviour was not significantly affected by treatohelttme height

(Table4.3). There were, however, sordéference in activity pattern between groupgpendix
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Fig. 7.5). Initial twitch frequency mirt varied between-0.7. In all treatment groups, twitching
stabilized at a higher frequenduring infection(Fig. 4.9).

Twitch frequency per min! during lice response period
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Fig. 4.9: Development of averaged twitch behaviour (twitchhilSEM) during lice response period, distinguished

between dome heights. BF= before feeding, AF= after feeding, dpi= daymfeation. Graph illustrates a similar

activity level between dome heighsth increased frequency during infection.

4.3.2.eSide swimming

Distribution of 9de swimming behaviour was statistically significant with time of sample as a
factor (estimate = 0.12() < 0.001)(Table4.3). Distribution also varied between groups, with G2
(estimate =0.226,p < 0.001) exhibiting &ignificantlylower frequency tha®1 (AppendixFig.
7.6).

Sideswimming was almost absent until lice were introduced in téfédsle 46), andplateaued

at a higher frequency with lice in tanks. Activity increased further when lice reachadyitd
stage(Fig. 4.10)
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Table4.6: Average side swimming frequency (average + SE) per dome height before (4 observations) and after (27

observations) salmon lice were introduced in tanks.

Tank height Avg. side swim min! before lice Avg. side swim min! after lice
2cm 0.02 +0.02 0.37 £ 0.06
10 cm 0.03 +0.02 0.32+0.04
95 cm 0.01 +0.01 0.43+0.04

Side swimming frequency min-' during lice response period

Average side swimming min™

T =10 cm
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Fig. 4.10: Development of averaged side swimming behaviour (side swimmihty 8&M) during lice response

period, distinguished between dome heights. BF= bdéwding, AF= after feeding, dpi= days post infection.

Graph illustrates increased activity over time, showing an immediate increase in all tanks during lice infection.

4.4 Welfare

4.4.1Sampling pe-installation

For sampling prénstallation, 20 fish from all tanks were scored using SWIM before domes were
installed in tanks. Scores from this sampling were not compared to the other welfare scores, but

are considered a basis for welfare evaluation and show the general condition for fish in all tanks.
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Table4.7: Results of POLR analyses of dome height and group effect on welfare scores during sampistaljaion.
P-values are calculated from an ANOVA of the chosen model. Results-bbpastalyses (pairwise comparisons using
Ismeans) of either dome hetgir group factors are shown for when these are significant in the main model. Note: only

results from models when significantly different from the null mégg€ndixTable7.3) are shown.

Welfare indicator Model Coefficient t-value p-value

Eye bleeding MO: 1 + Group

Group 13.68 0.001

Posthoci group

1-2 0.005

1-3 0.155

2-3 0.184
Scale loss MO: 1 + Group

Group 36 <0.001

Posthoci group

1-2 <0.001

1-3 <0.00

2-3 0.639
Fin damage MO: 1 + Group

Group 8.776 0.012

Posthoci group

1-2 0.137

1-3 0.008

2-3 0.515

4.4.1a Eye status

Eye bleeding (%)

The only factor that influenced eye bleeding was group (TaBJewihere there was a higher
appearance of condition in G1 than G2 (estimadel63,p = 0.0046).The highest score given

for eye bleeding was #ccurring only on one fish. None were scored 3, and 9 fish were scored 2.
Average scorgare illustrated in Figd.11A.Scores were, however, evenly distributed between
tanks AppendixFig.7.9).

Cataract (14)
Highest individual initial cataract scoreag?, which wasgivento one fish in tank 2 and two fish
in tank 3; the rest were scoredFg. 4.11B). Because of the low variability in scores, cataract

prevalence was not anagd.
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A Eye bleeding occurrence during sampling pre-installation B Cataract occurrence during sampling pre-installation
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Fig. 4.11: Initial scores for eye status indicators A) eye bleeding and B) cataraenguiing preinstallation.

Average score tarikt SD.

4.4.1b Skin status

Fin (1-6)

The null model was the best fitjth fin damage occurrenadfferent between groug3able

4.7), althoughnot strongly significantOne fish from tanks 10, 11 and 12 scored 5. Average score

in all tanks arellustrated in Fig4.12A

Scale loss (:B)

Dome height did not influence the scoring of scale loss, however in the null model, Group as a
factor was significant for scale loss conditi@mable4.7). The st hoc test indicated

significantly higher scores i1 relative to G2 and G® € 0.0001 for both)The highest score
given was 7, occurring in 17 fish, evenly distributed between tgksendixFig. 7.7). Average
score in all tanks ranged between 25/%(Fig. 4.12B)

Snout(1-4)
Snout damage averaged betweehd5 (Fig. 4.12C), scoring too similar across tanks for any

factors to be statistically significamdpendixFig. 7.7).

Skin bleeding (#4)
Initial skin bleeding score averaged between-2&% in all taks (Fig. 4.12D) with 70 % of all

fish scoring 2. Different scores were evenly distributed between (ApkendixFig. 7.7) and

treatment was considered statistically insignificant
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A Fin damage occurrence during sampling pre-installation B Scale loss occurrence in sampling pre-installation
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Fig. 4.12: Initial scores of skin statursdicators A) fin, B) scale loss, C) snout and D) skin bleeding on sampling pre

installation. Scoring range vary between different indicators. Average scoréta8R.

4.4.1c General condition
Deformity (1-6)
All fish except one scored 1 on deformiBig. 4.13A). Deformity as a indicatorwas not

accepted in model becaube variability within indicator scores wdso low.
Gill damagg1-4)

Gill scoresaveraged between@D-1.15, andsariability was too low for any factors to be

statistically significant
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Deformity occurrence during sampling pre-installation B  Gill damage occurrence in sampling pre-installation

Average SWIM score
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Fig. 4.13: Initial scores of skin status indicators A) deformity and B) gill damage. Scoring range vary between

different indicators. Average scotank® + SD.

4.4.2 Posinstallation, prenfection and end

During the postinstallation period, several losers were observed and wounds on nose (likely
from damage from the lid) was observed on sampled fish. At thiefeation sample, several

fish had lost flesh on their pectoral fin, leaving only the fin ysosed. 75 % of sampled fish in
tank 11 (95 cm) had black snouts from colliding into dome wall. In end sampling, 40 fish from
each tank were evaluated and black snouts were common in all tank heights in G2 and G3, but
black snout was not considered asugrdamageSome fish also had marks from netting on their
head, although these were not active woundsnot bleeding). Wounds frosalmon lice

grazing was observed frequently, occurring most often in G3, but could not be distinguished to be
more sever@ any particular dome heighOpercula were observed wiarsandappeared to be
bleeding in 17.5 % of sampled fish in tank 12 (10 cm) at the end sampling, a state that was not
observed in other tanks. Analyses on the following scores only are forfecgon and end

samplings due to the lack of data for G1 at the-pwsall sampling.

4.4.2a Eye status (scoreed)

Eye bleeding

The full model group indicated thdistribution ofeye bleedingccurrenceavas influenced by
dome height and grougd able 4.8), although not strongly significantly different from the null
model(Appendix Table 7.4)Between pranfection and end samplingye bleeding had higher
occurrence in 95 cm dome tanks than 2 and 1QTahle4.8). Therewas a group effecghowing

lower occurrence of condition B2 relative to G1 and G@able4.8), although not a strong
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effect between G2 and GBye bleeding scoresveraged 1.04.60 for samplegostinstallation,
pre-infection and end¢ombined(Fig. 4.4A). Few individuals scored high on eye bleeding; seven
fish from four different tanks scored 4, distributed between all three sa(plpsndixFig. 78),
which support that that statistical significance was not biologically important

Cataract

Scoresatpre nf ecti on and end sampling were sd most
due to low variability Cataract averagdeetween 100-1.25, consideringostinstallation, pre

infection and end samplimgpmbined(Fig. 4.14B). Some tanks experienced no change in

occurrence of cataracts between all three samples.

A Eye bleeding development during post-installation, pre-infection B Cataract development during post-installation, pre-infection and
and end sampling end sampling
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Fig. 4.14: Development of A) eypdeeding and B) cataract condition during samplings fnstall, preinfection
and end based on average indicator score fanD in each tankDome height groups are represented by blue
(2cm), orange (10cm), or grey (95cm) colour, while groups are represented by triangle (G1), square (G2) or circle

(G3) indicator at each sample.

Table4.8: Resuls of POLR analyses of dome height effect and sample time on welfare scores duitiriggbicn and
end sampling. Ralues are calculated from an ANOVA of the chosen model. Results efiposinalyses (pairwise
comparisons using Ismeans) of either domighteor Group factors are shown for when these are significant in the main

model. Note: only results from models when significantly different from the null magekfidixTable7.4) are shown.

Welfare Model Coefficient | t-value p-value

indicator

Eye bleeding | M1: Dome.height + Group
10 cm dome 0.0534 0.214 0.043

2 cm dome -0.666 -2.344
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Group 2 0.847 3.003 0.010

Group 3 0.666 2.303 <0.001

Posthoci dome height

10 cmi 2cm 0.975

10 cmi 95cm 0.048

2 cmi 95cm 0.003

Posthoci group

1-2 0.006

1-3 0.053

2-3 0.750
Scale loss M3: Dome.height + Sample + Group

Dome height -0.5136 -2.6555 0.014

Sample -0.5105 -3.0276 0.010

Group -0.3226 -3.226 <0.001

Posthoci dome height

10 cmi 2cm 0.021

10 cmi 95cm 0.929

2 cmi 95cm 0.007

Posthoci group

1-2 0.041

13 0.002

2-3 0.609
Skin bleeding M2: Sample + Group

Sample -0.897 -5.169 <0.001

Group 0.083 0.853 0.394
Wound M2: Sample + Group

Sample -1.205 -2.958 0.012

Group -0.813 -2.921 0.002

Posthoci group

1-2 0.712

13 0.007

2-3 0.035
Snout M2: Sample + Group

Sample 0.709 3.891 <0.001

Group 2 0.5624 2.641 <0.001

Group 3 1.605 7.632

Posthoci group

1-2 0.021

1-3 <0.001

44









































































































