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ABSTRACT:

Based on the regulatory effects of body fat on appetite and seasonal variations in fat
deposition and growth of Atlantic salmon, the present study tested the hypothesis that body fat
contentprior to decliningday lengthin the autumn &n significantly modulate growth rate.
The growth rate of salmon (mean initial body weight, BW=2.3 kg) with different muscle fat
content prior to autumn, subjected to natural photoperiod and temperature, dwnmgnéhd
period (mean final BW=6.6 kg) wasudied. In August, three fish groups (HF, LF and 0.5LF
group) with significantly differentmuscle fat content (HF=16.4%, LF=13.2% and
0.5LF=11.3%), individually marked with Pife,g, were mixed into the four net pens and fed a
standard higtenergy dieuntl March the following year. The muscle fat content prior to the
autumn had a highly significant (P < 0.0001) effect on growth during the seven month main
dietary period, even after identical fat stores among the groupsrestmed, indicating a
more conplex explanation than just a lipostatic regulation mechanism. NMeamal growth
coefficientswere HF=2.9, LF=3.4 and 0.5 LF=3.9, resulting in incredsed weight gain for

LF and 0.5LF of 59@. and 980g., respectively, compared to the HF grolipe LF groups
obtained a significantly higher homogeneity in BW and shape than HF fedhfiglarch
optimizing automatic gutting and filleting at slaughtBne improved growth response among
the LF goupsby reducing lipid levels capotentiallybe utilized n closed and sentlosed

production units Were photoperiodan be manipulated.
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INTRODUCTION:

Fish that encounter setbacks induced riaytritional deficit, feed deprivation or stdptimal
conditiors often display increasdded consumptiofhyperphagiajand compensatory growth
(CG) when circumstances are normaliz&di, Nicieza, & Wootton, 2003; Foss & Imsland,
2002; Metcalfe & Monaghan, 20QIhe degree of CG in fish vary and is often categorized
based on the growth catcip ability (Ali et a., 2003) Feed restriction odeprivationinduce
changes inbody energyby depleting lipid storesand during the course of CG and
hyperplagia, body weighaind lipid reserveare gradually restore@Ali et al., 2003; Bull &
Metcalfe, 1997Jobling & Miglavs, 1993; Metcalfe & Thorpe, 1992he lipostatic model is
often discussed within the circumstasamf CG responses in fighobling & Johansen, 1999;
Johansen, Ekli, Stangnes, & Jobling, 2000he lipostaticregulationhypothesis identifies
adipose tisse and stored lipids to have an important role in governing apgétibding &
Johansen, 1999; Keesey & Corbett, 1984; Kennedy, 1983 model implies that the
amounts of stored fat has a negative feedback contrfdashintake and is important fdre
regulation of energy homeostaditence,CG is not onlya response to recover body weight
but also a strong response restore lipid levels and there@G will cease once this is
achieved(Ali et al., 2003;Jobling & Johansen, 1999; Johansen, Ekli, &lihg, 2002)
Johansen et al(2002) showedthat altering body lipids of juvenile salmon by dietary
administration of lowfat feeds yield similar growth responses as deprivation or feed

restrictionper se.

In modernhigh-fat diets for salmonids lipids of marine and vegetable origin are tmain

sources of energy and support growth efficiently if essential fatty acids requirements are met

(Bell et al., 2001; Thomassen & Rgsjg, 1989; Torstensen, Lie, & Frgyland, B@use
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salmonids have a high abjlito utilize large amount of lipids efficiently for growth, hidgt
dietswith up to 3® g kg* of fat arecommonlyused in intensive salmon farmifi§orrissen et
al., 2011) However,salmonids also have tlwapacityto storelarge amounts oéxcesdat as
triacylglycerolsmainly in the muscle andsceral cavityAursand, Bleivik, Rainuzzo, Leif, &
Mohr, 1994) Body lipid content offarmed salmonidgorrelates withfish size, dietary fat
level and feed intakéAksnes, 1995; Hemre & Sandnes, 1999; Torgen&ie, & Hamre,
2001) Like other anadromous speciestlantic salmondisplay seasonal changes in feed
intake, growth andipid depositionduring the seawater phagklgrkgre & Rgarvik, 2001)
Farmed Atlantic salmondisplay elevated deposition of lipids imuscle and increased
retention of lipids in wholédody during decliningday length inautumn, with a concomitant
increase in feed intaksomatic growth andondition factor(CF) (Alne, Oehme, Thomassen,
Terjesen, & Rarvik, 2011; Dessen, Weihe, Hatlempriiassen, & Rarvik, 2017; Markare &
Rarvik, 2001; Rarvik et al., 2010y his is particularly pronouncefdr salmonreared at high
latitudes that experience lomgnters and late spring, which results in reduced lipid levels and

CF prior to summer and autumn

The recentincrease in automatioof fish processingat slaughterrequires uniform body

weight(BW) and shape among the salmon for optimal efficiency and quality of products such

asgutted fish andillets. Increaseduniformity of BW and CFreduces thaeed for manual
gutting/filleting of very small or large individualBue to this, he homogeneity in body shape
and mass of salmonids are important parametersalmon farming industry andow
dispersion inrBW and CFarebeneficial attime of harvest The homogeneity of BWhnay be
strongly influenced by events occurring during the production cyeledisease outbreaks,
handling stress, reduced seawater tolerance or competition of(Nexaughlin, Nelson,

McCormick, Rowley, & Bryson, 2002; Ryer & OIld,996; Taksdal et al., 2007; Usher,



99 Talbot, & Eddy, 1991)The dispersionin the distribution of BW, length and CF are often
100 assesseby calculatingthe coefficient d variation (CV) The CV of BWfor farmedsdmon
101 grown from 70 until 30Q. and from 60 unk 500 g. fed either in excess or restrictively for
102 period followed by unrestricted feedingre reported to vary fro to 13% andl6 to 224,
103 respectively(Johansen et al., 2001 the latter study, no significardifferenceswas
104 observedn theCV of BW betweerfish fed in excess and fish fed restrictively.

105

106 The majority of studies regardjngrowth responses related to lipid contarg based on in
107 house laboratory experimemsth small juvenilesalmonidsunderconstant conditionslo our
108 knowledge, éw haveinvestigatedgrow outsalmon with different lipid content subjected to
109 seasonal environmentathangesn photoperiod and temperatui2ue to the regulatory effects
110 of body fat on appetite and the observed fat storage in sdinkea to the seasohaues, the
111  present study tested the hypothes# tipid status prior to decliningay length in the autumn
112 functions as a significant growth regulatéiccordingly, the growth rate fothree group®f
113 salmon with different muscle fabntentprior to adumn,subjected to natural photoperiadd
114 temperaturewas studied throughout a-months period. About each second montieight
115 samplings andnalysis ofmusclefat content was conducted investigate any relationship
116 between fat accumulation and peiodrowth rateandto identify theduration of gpotential
117 lipostatic regulatory effecChangesn visceral fat, CFlength andthe dispersion in BWand
118 CFwere furtherassessed

119

120 MATERIAL & METHODS:

121

122 This experiment was conducted in accordance Maths and regulations that control

123  experiments and procedures in live animals in Norway, as overseen by the Norwegian Animal
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Research AuthorityStunning andsampling of fish were performed in accordance with the
Norwegian Animal Welfare act. Fish weredted as production fish up to the point of tissue

sampling which was only conducted after the fish were put to death.

The experiment was conductedseawater on the Norwegian west coast (Ekkilsgy, Norway
3° 03'N, 7° 35' [Eat Nofima research center frofugust 2011 to MarcR012. In July 2010,

the fish werdransferredo seavater as S1 snlip at which time the BWwvas 62g. From the

10 to 12 ofMay 2011,the postsmolt were restocked into three ngtens (343 1) with 650

fish per pen. Prior to this, ahdividual fish were measured for weight and length, taggded
using passive integrated transmitter té@-tag9 placed in the bodyavity just posterior to

the gut.The average BWer pen was 108%. (SD = 79 g.) and each pereceived different
dietay treatmentsa high-fat diet (HF), a lav-fat high-protein diet (LF) omalf the ration of
thelow-fat high-protein diet (0.5LF). The 0.5l-roup were given half the amount of the feed
provided to fish administrated the idtet the day beforeSkretting (Avergy, Norway)
produced the feedand the composition of thEF diet was (wet weight, as is basis): dry
matter 93.4%, crude protein 33.5%, crude lipid 34.1%, nitrdgen extract (NFE) 21.2%,

ash 4.6% and gross energy of 2M1kg' . The compositionof the LF diet was(wet weight,

as is basis): dry matter 91.7%, crude protein 49.9%, crude lipid 17.5%, NFE 17.1%, ash 7.2%
and gross energy 21MJkg' . The three dietary treatments were fed from 12 of May until 9
of August (predietay phase)May 12th the fish weresampled for analysis afitial muscle

fat content and biometric data. The analysis showed the following (n8&nhn = 30): BW:

1087 + 97, initial muscle fat: 12.2 4.1% and initial CF: 1.10 £ 0.08\fter ending the pe-
dietary phasethe PIT-tag, BW and length of alindividual fish in the three pensvere
recordedIn addition,fish from each pen were sampled for analysis of muscle and visceral fat

content.The predietary feeding phase generated three dishups wih significantly different
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(P < 0.05)muscle fat contentvisceral fat and visceral magEable 1. During the predietary
phase, 2.5%, 0.6% and 0.3% fish died in the HF, LF and 0.5LF group, respectively. The
majority of mortality occurred from May until mHJune and was not related to any disease

outbreak (norspecific morality).

(Table 1).

At the 10 to 11of August, the fish were restocked from the three original pens used-in pre
dietary phase intéour newpens (125 r¥). Each of the four pens contaid 50 fish from each

of the three pralietary treatments (HF, LF and 0.5LF), 150 fish in tQka$) 1). During the
period from 11 of August until terminaticst 20 of March 2012 (mairdietary phase)the

pens were fedsonitrogenous and isoenergetiets produced by Ewo¢Bergneset, Norway)
(Table 3. The current experiment was an integrated part of a large study were potential
effects of dietary oisource were investigated. Therefon®o pens in the maidietary phase
were fed a diet with a marine @rofile (MO), whereas the two other pens were fed a diet
with a rapeseed oil profiléRO). The marine oil diet (MO) had an inclusion of 70 % South
American fish oil and 30 % of rapeseed oil. The rapeseed oil diet (RO) had an inclusion of 70
% rapeseed o#nd 30 % South American fish olburing the mairdietary phase, the pellet

size was changddom 7 to 9 mm in Decembelue to the increase in BWf the fish.

(Fig. 1 and Table 2

In both periods, feed was administrated using automatic feeders (Bé&askinstasjon AS,

Vagland, Norway) and uneaten feed was collected as described in Egemre, Rgra &

Thomassen(1999) and corrected for the recovery of dry matssr described by Helland
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GrisdaleHelland & Nerland(1996) The fish groups (except theSLF group during the pre
dietary phase) were fed to satiation and the feed ration was s@0&%5n excessa(d libitum
feeding). The fish were fed four times a day until October 2011, after this, the fish were fed
three times a day until termination larch 2012. Adjustments of the feed ration was done
according to thelaily amount of uneaten feed collected. Due to the stocking of 50 fish from
each of the prelietary treatments into each net pen, it was not possible to determiieedhe
intake or feedutilization of the different prelietary groups during the madietary phase.

The pens were cheell for mortalities daily anthe dead fish were collected and weighed.
The fish wereexposed to naturalariations in photoperiod and sea tempemtduringthe

experiment (Fig.

(Fig. 2

Three samphgs were performed durintpe maindietary phasefrom 9 to 11 October 2011,
from 6 to 9 December 2011 and the final sampling and termination of the experiment was
conducted from 20 to 22 March 2012. At eaampling, all fish were anaesthetized (R
metacaine 0.1 g1, Alpharma, Animal Health, Hampshire, Jkand the PIitag, fork length
andweightof each individual fish were recorded. All fish were starved two days prior to the
samplings in August an@ctober, and three days prior to the samplings in December and
Marchto avoid feed matter in the gastrointestinal syst&heach sampling, 10 fisihom each
pre-dietary group in all the pens were samplEde sampled fistat each sampling pointere
seleted so tlat the mean weightorrespondedo the meanweight of all the fish in the
respectivefish groupwithin each per(as allpossible fish weraveighted and PIHag readl

After anesthetization, a blow the head was used to Kith sanpled for ana}sis. Thernthe

gill arches were cut and the fish were bled out inseavater. Length and weightf each



199 individual fishsampled for analysis werecorded after bleedingndthe fishvisually tagged

200 The fish were then gutted and filleted by hand duthregpre-rigor state Norwegian Quality
201 Cut, NQC (NS9401 1994) from the left fillet was photographed and the fat content was
202 predicted by digital image analyses (Ritosh, AKVAgroup, Bryne, Norway asdescribed
203 Dby Folkestad et a{2008) The visceral mass of the sampled fish were pooled on group level
204 homogenisedand frozen at 20°C for later analyses of total lipid content as described by
205 Folch Less & Stanley(1957). The proximatecomposition ofcrude protein, lipid(acidic

206 hydrolysis method), starch and moistoifethe diets were analgd according tdhe methods
207 described byDehme et al(2010) To determine the fatty aci@A) composition of the diets,
208 lipids were first exracted according to Foch et al. (195@nhd a sample of 2 ml from the
209 chloroformanethanol phase was dried underdds, therthe residual lipid extract was trans
210 methylated overnight with 2';Blimethoxypropane, methanolic HCI and benzeneoamr
211 temperatureaccording to Mason & Wallef1964) Finally, themethyl esters werseparated
212 by gas chromatograptand individual FA were identifieds described iRgsjg et al(1994)

213

214 The growth ratef the fish are presented e thermal growth afficient (TGC), and were
215 calculated as described by lwama & Ta(it281) TGC = [(M 1*® +M® [ T) x 100Q

216 whereMoandM i are the initial and finalBW UHV S HF W O ¥%kh© SunDoday degrees
217 during the period (feeding days x averagenperature, °C)The meanTGC for the total
218 maindietary phase was calculated as the weighted agtibrmean of the periodical TGIO

219 balance these values in relation to their relative contribution tewéfghtgain.

220

221  All fish sampled and killed for ahgsis were starved and bled. The calculation of viseeral
222 somatic indexs therefore based on BWith minimal blood content and no feed material in

223 the gastrointestinal system. Viscesaimatic indexVSI), wascalculated asY (g) x BW(g)*
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x 100, whereY is the measured visceral mass. The visceral mass was defined as all mass in
the abdominal cavity except liver, heart, kidney and shimadder. TheCF wascalculatedas:
100 xBW (g) x fork length (cm)3. The dispersion in the distributiosf BW, length ad CF

wereassessed by calculating t8%: (standard deviation x mean vaft)ex 100.

The results were analysed by the General Linear Model (GLM) proca&dudhe SAS 9.4

computer software (SAS Institute Inc., Cary, NC, USA). Mean results per fish gragch

pen were initially subjected to &vo-way analysis of variance (ANOVA) to evaluate the

effects ofmuscle fat content due to the mietary phas€0.5LF, LF and HF), makdietary

treatment (oil source; MO and Rddet) and their interaction (pmdiet x maindiet). As the

statistical analysis showed that neitler sourcenor the interactionterm hassignificant

effects on the traits studied, the data was analysed usirdjgpaey treatment as thenly
experimental factor (oaeay ANOVA). Significart differences among experimental groups
ZLWKLQ WUHDWPHQWY ZHUH LQGLFDWHEastEjuatX @€abQ 1V P X
(Ismeans) comparison were also used to identify differences among variables within
treatments.The Pearson produatoment correlatin coefficient was used to describe the
association between two variables. Linear regression analysis were conducted using Microsoft
excel. The proportion of total variance explained by the model was expres&&chhg the

level of significance was chosahP ” THQGHQFLHYV ZDV LGBHDWEILHG D\

results are presented as means + SEM, if not otherwise stated.

No significant effects of the maitietary treatment (RO and M@et) or interaction term
(main x prediet) per sewere detect# on the traits examined during the mdietary phase.

Thus,only the effects of body fat content due to five-dietarytreatment ar@resented in the
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results.No significant diffeences in mortalityamong thepre-dietary groups were observed

during themain-dietaryphase (24 out of 650 fish, 34j.

RESULTS:

The nuscle fat content increased 8y1% for 0.5LF fish, 5.84 for the LF groupand 3.64 for

HF groupfrom August to October (Fig 48. Thus, duing an 8week period of decliningay
length, the iraal significant differences in muscle fat contemas equilibrated. TGC was
highest for the 0.5LF group, intermediate for tlflegroup and lowest for the HF group (Fig
5A). The growth rate and the increase in muscle fat content from August to Octobedsiow
significant positive linear relationship, and the increase in muscle fat expBidédf the
variation in growth(Fig 3). From August to October, the growth rates were therefore highly
affected by the prdietarytreatment ANOVA: R? = 0.97 P < 0.001). The muscle fatlid not
differ significantly between the pdietary treatmentsm October or December (Fig. 4R but
pre-diet still significantly influencedhe growth ratesANOVA: P < 0.05,R?= 0.51) and the
TGCs were similar relatively, to the peiod from August toOctober(0.5LF > LF > HF,
although no significant differences was found between LF and HF gtaufhe period
December toMarch, the TGCfor the 0.5LF and LF group were significantly high{@r <
0.05)than the HF group (Fig 5A). At ¢hend of the makdietary phase, the muscle fat content
of the LF group was significantly loweP (< 0.05) than the 0.5LF group, and tended to be

lower (P < 0.1) tharthe HF group (Fig 4R).

(Fig. 3and 9
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The BW of the LF groupreached a similaBW asthe HF fish inOctober, whereas the 0.5LF
groupreached a similaBW as the HF groumm December (Fig B1). At the end othe trial in
March, the LF group§6.87+ 0.07kg.) had a significantly higheiP(< 0.05)BW than the HF
group (6.40x 0.16kg.) (Fig 4B2). The 0.5LF group (6.62 0.12 kg) had numerical higher

BW than the HF grouphowever, no statistically significant difference was detected. From
August 241 to March 2012, the 0.5LF grogiained 98(y. and he LF groupgained 590g.
morerelative to he BW of the HF group(Fig 5B). The overall weighted meanGC during

the maindietary phase were 3.9 for the 0.5LF group, 3.4 for the LF group and 2.9 for the HF
group. Hence, the pidietary treatment and consequently the fat status in August 2011 had a
clear and significanteffect on growth weightgain and the changes iBW throughout the

wholemain-dietary phase, with a total duration of seven months.

(Fig.5and

No significant differences itengthbetween LF and HF group wedetected during #ntrial

(Fig 6B1) The strong growth spurt of the 0.5 LF group resulted in no significant differences
in length between the 0.5 LF (758 0.2cm.) and HF group (76.4 + 0.8m.) at the trial
termination in March. However, the LF (7A90.1cm.) group wassignificantly longer (P <
0.05) than the 0.5LF group (Fig 8B The 0.5LF group that had the lowé&3E in August,
ended up having the significantly high&€3t at termination(Fig. 6A1 and A2) The overall
development irCF correlated well with the changes muscle fat during the study (r = 0,98

P < 0.01). Significant positiveverall correlations were also observed between the fital

and meanTGC (r = 0.88;P < 0.001), and betweethe final CF and totalweightgan (r =

0.88;P < 0.001).
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The visceral &t content of the HF group was consistently highest, although only significant in
Ocober (Fig 7. The VSI of the LF group (8.5 + 0.1) was significantly lower (ANOVRA <
0.01) than the HF group (9.0 £ 0.1) in October, wherea¥8ieof the 0.5LF group (& +
0.1) was not different fronthe LF or HF group.No significant differences ivVSI were

detectedn December (overall meaNSl: 8.8 + 0.1) oMarch (overall mearvSl: 9.8 £ 0.2).

(Fig. 7)

The 0.5LF group had the higheSWgw at the enddf the pre-dietary phase (FigA). From
August to October, th€Vew of the 0.5LF group decreased and no significant difference in
CVew was observed at the samplings in October and Deceidbarever, at termination in
March, the HF group had a significan(ly < Q05) higher CVsw compared to both LF and
0.5LF group.The CVce was lowest for the LF group and similar for the HF and 0.5LF group
at the endof the predietary phase (FigB). At the sampling in October, after the large
increase in fat deposition, growtmdCF, the 0.5LF group had the higheSVcr. The
variation within the CV ofCF for the 0.5LF goup was at this time very higand no
significant differences between the groups was detected. CNhg for the HF group
increased gradually from October to Mardn line with theCVgw, the HF group had a
significantly (P < 0.05)higherCVcr compared to the 0.5LF and LF groaptermination. No
significant differences in th€V encht was detected during the experiment (results not

shown).

(Fig. 8)
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DISCUSSION:

The coinciding increasen fat andimproved growth shown by the 0.5LF and LF group
compared to the HF group in the beginning of rdietary ghase (August and September),
seem to reflech growthresponse similar to CG and lipostatic regulatiaservedn previous
studies in the field ankhboratory(Ali et al., 2003;Jobling & Johansen, 1999; Johansen et al.,
2002, 2001)The obtained growth rates, fat increase aetjht gainfrom Augustto Octobey
together with the higlfieed intake (on pen basis), indte that the 013 and LF group had
increasedeed consumption and hyperphagic behavibuaddition to theéhigh growth rateof

the 0.5LF and LF groug the increase in muscle and visceral fat condeming August and
September were substantial for geewo groups. Howevere muscle fat of theHF group
alsoincreased during this period (16.4#20.0%) TheTGC of the HF group had an average
of 3.0, which is regarded as a normal asdifficient growth rate(Austreng, Storebakken, &
Asgérd, 1987; Thorareen & Farrell, 2011)Thus,improved growth in thé.F groupsfrom
August to Octobercompared to the HF group, is natresult ofimpaired growth due to
adiposityin the latter groupbut rather a stronger response among the fish in the LF and
0.5LF group The growth responsdsom August to Octobediffer from the observations of
Johansen, Sveier, & Joblirfg003) whereAtlantic salmorfed a high fat diet during both the
build-up and main phasenaintained their body fat levels after the buildl phase, tathe same
time as feed intake was dowegulated and growth impaired. In the present study, the salmon
were exposed to natural photoperiod, as opposed to the study by Jotteels@®03) where

the salmon were held under continuous light (24L:000)as been suggested that reduction
day length is an important environmental fadtwait trigger the salmon tassessts current
massduring this time of the yegMaclean & Metcalfe, 2001)it may also apply for energy

status and body conditio(Kadri, Mitchell, Metcalfe, Huntingford, & Thorpe, 1996)n
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addition, high retention ofdietary lipid, elevded fat deposition, increasedF and rapid
growth are observed during the autumn pe(®lde et al., 2011; Dessen et al., 2017; Kadri et
al., 1996; Marker& Rarvik, 2001) Hence, the influence ofaturalseasonal cues might be
the mainreason for the observed differences in growth between the pstgadg and the one

of Johansewt al.(2003)

In October, two months after the start of the ndhigtary ghase, muscle fat an@F were
restored in both the LF and 0.5LF group compared to the HF grdig observation shows
that Atlanticsalmonis able to rapidly replenish lipid stores and body condition duiieg
autumn following deedingperiodof alow-fat diet or restricted ration of this diéh contrast,

the visceral fat contergmong the groupsiaintained about the same pattern thought out the
study. The level or severity of restricting lipid deposition during-gietary phasevas highly
negatively elatedwith the magnitude of the subsequent growth respdram August to
October This was particuldy linked to the relative muscle fat content at termination of the
pre-dietary phase prior to autumn. The degrE€Gresponse seealsorelated to théevel of
deviance in body condition, length anmass in the restricted or deprivéidh groups
compared d their nontreated countespecifics(Alvarez & Nicieza, 2005;Johansen et al.,
2001; Jdhnsson & Bohlin, 2005Johnsson & Bohlin, 2006 Although thedeviance in mass
and length may have contributed tize growth responsen the present stugdythe small
difference betweenthe LF and HF group in Augustand the strong correlation between
muscle fat and growth, indicate that fat/energy staaesn to beéhe mostimportantgrowth
regulator duringAugust and Septemhefhe increased growth and rapidly replenishment of
lipid stores suggest a robust mechanism for the regulafibndy fat,andare in line with the

observation oSilverstein, Shearer, Dickhoff Plisetskaya (1999).
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Several studies havadicated that mimals displaying CG prioritiséhe restoration of body
condition and fat stores befomeoreresources arallocated to suppostructural and skeletal
growth (Broekhuizen, Gurneylones, & Byant, 1994 Johnsson & Bohlin, 2006)n part, he
results ofthe presenstudy supporthese observations, as both the relative muscle fat content
and CF were quickly restoredin the 0.5LF groupbut notthat quickly restoredor BW and
length. Some studs have also suggested that structural restoration can be delayed due to the
effects of food deprivation or restrictian the endocrine systenmyvolved in the regulation

of growth (Bjornsson, 1997Johnsson, Jonsson, & Bjornsson, 1998)ere isevidene that
skeletal and muscle growth are independent procemsésthat the relationship between
length and weight is approximately culiEinen, Wagan, & Thomassen, 1998pbling
2002; Mgrkagre & Rarvik, 2001Yhus, changes in weight are relatively gre#tan in length
andthe rapidincreasen BW and fat contenbbservedamong the 0.5LF group in the autumn

maybe a factor explainingshy length areestoredater than body shape and fat content.

The stabilisation of the muscle fat @ctober coigides with the study of Mgrkare & Rarvik
(2001) Thismaysuggest that the capacity of muscle fat deposition has reached an upper limit
at this time point.There is documentation that CG responsékcease as lipid stores and
body condition are restored similar levelsas the noraffectedconspecificfJohansert al,

2001; Ali et al, 2003; Alvarez & Nicieza, 2005; Johnsson & Bohlin, 200B)the present
study, the LF and 0.5LF groups continued to grow faster than thgréifp both during the
periods October to December and December to March. ifimeroved growth of theLF

groups from December to Marctvas evident although the relative musclectattent CF and

BW were restored prior to this period and not significantly different from the HF group.
Hence, theobservedgrowth responsen this period isnot directly related torestoration of fat

or BW. The sexual maturation processAtiantic salmorrequires, in addition to photoperiod,
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397 sufficient fat and energy reserv@&adri et al., 1996; Rowe & Thpe, 1990; Taranger et al.,
398 2010) The production of gonadsare enegetically expensiveand acquirehigh-energy
399 investment(Fleming, 1996; Jonsson, Jonsson, & Hansen, 199Mropriate and available
400 energy and fat reserves during the spring period seelmeta majorfactor controlling
401 initiation and proceeding of the maturation progds®rpe, 1994Thorpe, Mangel, Metcalfe,
402 & Huntingford, 1998; Wright, 2007)Too low energy and fat levels may arrest the maturation
403 process and postpone reproductipiston& Saunders, 1999; Rowe & Thorpe, 1990; Rowe
404 Thorpe, & Shanks, 1991; Thorpe, 199410rpe, Talbot, Miles, & Keay, 1990lence, well
405 growingsalmon with a high and stable fat contarg more likely to adopt the development
406 pathway of becoming sexual megy(Thorpe, 1994 Following this line of argumest the
407  stronger growtlresponsebserved in both LF groups compared to ltegroup prior to the
408 spring periodin the present studynay have been triggered by the salmon repctde life
409 strategy.However to verify this, the groups of salmanust be studiedor a longerperiod
410 (during late spring, summer and autumamd measurements oflevantplasma hormones,
411 gonadsomatic indexand gene expression of e.g. myosin should be conducted. Usfiaiyyn
412 this was not possible in the presestudy. Anyhow, observation of a lonrgerm improved
413 growth responses important for a further development a dynamic seasonalfeeding
414  conceptin salmon farmingNot only for traditional seaagefarming, but also in closeand
415 semiclosed production units where hgoperiod may be manipulatediaken into
416 consideration that the initial BW of the 0.5LF group was @3&ss than the HF group, a
417 relative increase in weight gain of 9§0more than the HF group is impressive.

418

419 When feed availability is restricted, competition for the feed often increase and dominant
420 individuals may try to monopolize the feeding area to obtain larger amounts of feed that is

421 supplied(Maclean & Metcalfe, 2001; Ryer & Olla, 199@&)ligh competitionfor feed may
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422 therefore lead to increased disparities in feed intake and growth that consequently will give
423 higher variation inBW. To minimize such effectshe 0.5LF group wasdministrated all
424  daily feed in only one ratioduring the predietary phaseThe high dispersion in BVEndCF
425 among the HF group at termination of the mdietary phase indicates that the 0.5LF and LF
426  group hadanincreasdan weightandCF that wasmore homogeneoukan the HF groupThis
427 was probably due to the increaseplowth of LF groups in latter stages of the trial. The
428 possibility that fish among thé&F groups displayed aggressive behaviour and tried to
429 monopolize food in this period seem umelik due to three main factors: the HF group
430 showed a normal and satisfying grovwtith meanTGC of 3.2, ii) feed was administered in
431 excess during the madmhetary phase to ensue libitum feeding and i no or little fin
432 damage were observed at termination.

433

434 In summarysalmon with lowbody fat level{LF groups)prior to declining day lengths irthe
435 autumndisplayedsignificantly higher growth rate angleight gain compared to the control
436 fish (HF group) The initial differences in musclat and CF were restoreafter only two
437 months, displaying rapideplenishment of lipid stoseand body conditionDifferences in
438 body fat content prioto autumn had significant effect on growth throughout the whelen

439 month mainrdietary phasegvenafter similarbody fat stores among the groups were obtained,
440 indicating a more complex explama than justa lipostatic regulatiormechanismThe LF

441 and 0.5LF fed fish obtaines significantlylower variationin BW andCF than the HF fed fish
442  at trial termination.This increase uniformity of BW and CFmay reducethe amount of
443 manual gutting andllleting of large and small individuals, which optimizes the efficiency of
444  automatic gutting and filleting of salmat the time of slaughter

445
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667 TABLES:

668

669 Table 1 Biometricsandfat contentof Atlantic salmonin August 2011fed a diet higkat diet
670 (HF), low-fat high-proteindiet (LF) or half ratia of the low fat diehigh-protein diet(0.5LF)
671 from May until August 2011, referred to as pdeetary feeding phase. Biometnmarametrs
672 for all fish arepresented as mesr SD, whereas biometric parameters dat contentfor
673 sampled fishare pesented as mesnt SEM together with indications of significant
674 differences

675

Dietary treatment HF LF 0.5LF

Biometric parameters, all fish

Number of fish, n 584 584 602

Bodyweight, g 2651+ 335 2506z 287 1865% 253
Fork length, cm 59.1+ 2.3 59.1+ 2.1 55.8+ 2.3
CF 1.28+ 0.09 1.21+0.07 1.07+0.08

Biometric parameters, sampled fish, n = 20

Bodyweight, g 2619+ 7GR 2515+ 63 1881+ 47
Fork length, cm 59.0+ 0.5 59.0+ 0.4 55.7+ 0.5
CF 1.22 + 0.02 1.18 + 0.02 1.03+ 0.0%
VS| 11.3+ 0.4 9.6+ 0.2 8.5+ 0.1°

Fat content,sampled fish, n = 20

Muscle fat, % 16.4+ 0.3 13.1+ 0.2 11.3+ 0.3
Visceral fat', % 39.0 29.0 26.6

676 CF; condition factor, VSI; Visceral somatic index

677  The analysis of visceral fat content was conducted on pooled samples in August 2011 (n=1)
678  Valuesin the same row with different letters are significantly diffef@nt’ determined by ongvay
679 $129% IROORZHG E\ 'XQFDQYY PXOWLSOH UDQJH WHVW

680
681
682
683
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684 Table 2 Chemical compositions (wet weight, as is basisd fatty acid composition (% of

685 total fatty acids) of the diets used in the mdietary phase.

686

7 mm pellet 9 mm pellet
Diet code MO RO MO RO
Chemical composition (wet weight, ashasis)
Dry matter, % 93.2 94.0 93.8 93.9
Crude protein (N x 6.25), % 41.2 41.7 34.4 34.6
Crude Lipid, % 31.2 31.4 37.0 35.7
Starch, % 6.2 6.1 6.7 6.8
Ash, % 4.8 4.8 5.1 5.1
NFE ", % 16.0 16.1 17.3 18.5
Crude protein/lipid ratio 1.32 1.33 0.93 0.97
Calculated valus”
Gross energy, MJ kg 24.8 25.1 25.7 255
DP, g kg! 354 359 296 298
DE, MJ kg™ 21.4 215 22.2 21.9
DP/DE ratio, g MJ kg* 16.6 16.6 13.3 13.6
Fatty acid composition (% of total fatty acids)
C 16:0 12.7 8.5 14.3 9.3
C 18:0 3.2 2.7 3.7 2.9
TSFAS 22.6 15.1 24.0 15.9
C18:1n9 26.8 42.1 23.3 42.5
TMUFAT 38.1 49.8 36.2 52.8
C18:2n6 8.1 13.9 7.4 13.9
C18:3n3 3.4 6.5 2.9 6.0
C20:5n3 10.1 4.6 11.1 4.0
C22:5n3 1.3 0.6 1.4 0.5
C 22:6 n3 7.2 3.5 7.5 3.6
TPUFA¥ 34.3 30.4 32.7 29.0
SUM EPA+DHA 17.4 8.1 18.6 7.5
n-6/n-3 ratio 0.4 0.9 0.4 1.0

687 MO; Marine oil profile, RO: Rapeseed oil profil&l; Nitrogen, NFE; Nitrogetiree extracts, DP; digestible

688  protein, DE; digestible energy, MJ; Mega joule, SFA; Saturated fatty acids, MUFA; monounsaturated fatty acids,
689  PUFA; polyunsaturated fatty acids.

690 NFE was calculated as = 10ffprotein+lipids+ashwater)

691  “Gross energyDP and DEwere estimated assuming 23.7, 39.5 and 17.Xd#Jas the gross energy content of

692  protein, lipids and carbohydrates, respectively. The apparent digestibility coefficients (ADCs) for protein and
693 lipids used were 0.86 and 0.94, respecti@inen & Roem 1997)whereas 0.50 was used for NF&rnesen &

694  Krogdahl 1993)

695 SSFA; C14:0. C15:0, C16:0, C18:0 and 22:0.
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MUFA; C16:1n9, C16:1n7, C17:1/7,C18:1m7, C:18:1R9, C20:1n7, C20:1r9,C20:1R11, C22:1n
9,C22:1nr11,C24:1R9

¥*PUFA; C16:2r3, C16:3nr4, C18:2r6,C18:3r6, C18:3R”3, C18:4R3, C20:4R3, C20:2r6, C20:3n6, C20:4R
6,C20:5n3, C22:5n-3, C22:6R3.
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FIGURE CAPTIONS:

Fig. 1 Schematic overview of the experimental design during the goré the mairdietary
phase The squares during the paestary phase represent ypens fed different diets; HF =
high fat diet (black filled square), LF = low fat diet (grey filled square), 0.5LF = half ration of
the lowfat diet (white filled square). The large squares in thenrdagtary phase represents

the netpens and the squares within the-pehs are the prdietary groups.

Fig. 2 Ambient daily sea temperature (°Gayis) and hours of daylight (hoursaxis) during
the predietary phase (May té&ugust 2011) and the madtietary phase (August 2011 to
March 2012). The length of the different periods are indicate by the different grey colours

(light grey = predietary phase, dark grey = mairetary phase).

Fig. 3 Regression line betweghermalgrowth coefficients TGC) and the increase in muscle
fat (%) from August to October iAtlantic salmonfed three different prelietary treatment
from May to August 2011high fat diet (black filled squares) = HF, low fat diet (grey filled
triangles) = LF,half ration of the lowfat diet (white filled circles) = 0.5LFEach point

represents average per fish group/experimental unit (n = 12).

Fig. 4 Muscle fat contentA1) and body weigh{B1) development ofAtlantic salmonfed
three different pralietary teatment from May to August 201¥alues are means + SEM =
4 (n = 1 at termination of the prhetary phase)Values not sharing common superscript
letters within each sampling peri@de significantly differentR ” A2 andB2, present

the finalmuscle fat and BW of the groups, respectivélye valuesl1.3%, 13.2% and 16.4%
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representhe obtained fat content at the beginning of the rd@tary phase (August 2011)

for the 0.5LF, LF and HF group, respectivelg; not significant, *; trend (P <.

Fig. 5 Thermal growth coefficientsTGC) (A) and weight gain (Kg(B) of Atlantic salmon
fed three different prelietary treatment from May to Augu011 Values are means = SEM

n = 4. Values not sharing common superscript letterthin each sampling periodare
significantly different P ” The valuesl1.3%, 13.2% and 16.4% represtre obtained
fat content at the beginning of the maiietary phase (August 2011) for the 0.5LF, LF and

HF group, respectively.

Fig. 6 Condition factor CF) (A1) andfork length(cm) B1) development oAtlantic salmon
fed three different preietary treatment from May to August 20Malues are means + SEM
n =4 (n =1 at termination of the pdéetary phase)Values not sharing common superscript
letters within each sampling peri@de significantly differentR ” A2 andB2, present
the final CF and fork length of the groups, respectively. The vallg86, 13.2% and 16.4%
representhe obtained fat content at the beginning of the rdétary phase (August 2011)

for the 0.5LF, LF and HF group, respectively.

Fig. 7 Visceral fat developmendf Atlantic salmonfed three different prdietary treatment
from May to Augus2011 Values are means + SEM = 4(n = 1 at termination of the pre
dietaryphase)Values not sharing common superscript letedthin each sampling pericare
significantly different P ~ The values 11.3%, 13.2% and 16.4% represenbbtained
fat content at the beginning of the maiietary phase (August 2011) for the 0.5LF, LF and

HF group, respectively.
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Fig. 8 Variationin body weightgram) @) and condition factofCF) (B) assessed using
coeffident of variation (CV; mear SD.™!) amongAtlantic salmorfed three different pre
dietary treatment from May to August 20Malues are means £ SEM=4 (n =1 at

termination of the prelietary phase)alues not sharing common superscriptelies within

each sampling perioare significantly differentl ” . ns; not significant



787

788

789

790

791

792

793

794

795

796

FIGURE 1:

34



797

798

799

800

801

802

803

804

805

806

807

FIGURE 2:

35



808

809

810

811

812

813

814

815

816

817

818

FIGURE 3:

36



819

820

821

822

823

824

825

826

827

FIGURE 4:

37



828

829

830

831

832

833

834

FIGURE 5:

38



835

836

837

838

839

840

841

842

843

FIGURE 6:

39



844

845

846

847

848

849

850

851

852

853

854

FIGURE 7:

40



855

856

857

FIGURE 8:

41



