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Highlights
- Individual sole juveniles and breeders had consistent stress coping stylés (SCS
- Individual SCS was consistent across ontogenesis including changing maturity status

- Proactivejuveniles initiated puberty and matured before reagtiveniles.
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Abstract

Individuals differ in how theycope with stressful situations along a behavioural
continuum,being proactive and reactia the extremes of this continuuRroactive
individuals are usually bold, highly active and take risks, while reactive organisms are
generally shy, exhibit low activity and avoid rniskituations Definitions of stress
coping styles statihat proactive and reactive traits are consistent over time and across
contexts. The present study evaluatednidesidual differences irstress copig style
physiological changesnd reproductive stag in Senegalese solgiveniles and
breeders over three ahado-years, respectivelyTo determine stress coping style, the
fish were sujectedto three individual (restraining, new environment, confinement)
and one groupcreeningest (risk taking)Both groups wergestedon three occasions,
juveniles were tested each year and adults were tested in the first year and twice (spring
and autumnin the second yea@n the third yeam proportiorof the juveniles initiated
puberty and the reproductive status of all individueds assessed and compared with
their behavioural responses. Results demonstrated individual differences that were
consistat with proactive and reactive traits in juveniles and bree8eysificant intra
individual repeatability and consistency of juveniles d@na ¢ e dehavioyral
responsesvere observedver time and across situatioms.addition glucocorticoid

levels (cortisol) were consistent foindividuals. Another resulto highlightwasthat
juveniles thapast puberty and initiateghmetogenesisadsignificant higher activity,

risk predisposition and lowgrlasma cortisolevelscompared tdish that remained

immature(did notinitiate puberty)

Keywords Solea senegalensis; coping stylesndividual differences consistency

gametogenesidreeders.
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Abbreviation list

NetActA = Total activity time inside the net in the air (juvenile sole)

NetActW = Total activity time inside the net in the water (breeders sole)
NetEscA = Total number of escape attempts from the net in air (juveniles sole)
NetEscW = Total number of escape attempts in water (breeders sole)

NewlLat = Latency time to move in the new&onment

NewAct = Total activity time of fish in the new environment

ConLat = Latency time to move in the confinement

ConAct = Total activity time of fish in the confinement

restrainingPCSj= Principal component scores in restraining for juveniles
environmePCSj= Principal component scores in new environment for juveniles
environmemPCSj= Principal component scores in confinement for juveniles
restrainingPCSb= Principal component scores in restraining for breeders
environmePCSb= Principalcomponent scores in new environment for breeders

environmePCSb= Principal component scores in confinement for breeders
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Introduction
Individuals from the same populatiorpresentdifferent behavioural responses to a
stressful stimulusr novel contexaind the responseary alongabehavioural continuum
over which the extremes have bekfined as proactive and reactive (Wilson et al., 1993;
Koolhaas et al., 1999 hesedifferent behavioural phenotypésmve been commonly
referred asstress coping styles(SCS (Koolhaas et al., 1999)The mostsignificant
differences between proactive and reactndividuals are how theorganismuses the
internal and external informationsbapeheirbehavioual response tthe environmental
stimdus. Hence, poactive individuals tentb be bold, active, dominant, aggressive and
proneto take riskswhile reactive organismgend to beshy, exhibit lover levels of
activity, areless aggressive and avoid gsgituations(Koolhaas et al., 199%ihet al.,
2004; Brown et al., 200)/ In addition models have proposed tlatimals with proactive
behaviourdend tocreatefixed routines,while reactive individuals seeto easilyadapt
to unpredictableenvironmets (Benuset al., 1991; Koolhaas et al., 1999 fish
physiology the proactive stratedyas beemssociated witlow hypothalamuspituitary-
interreral (HPRA) axis responsiveness, and hence produclower levels of
glucocorticoids while reactive fish present ligHPI axisreactivity and producehigher
levels of glucocorticoidgdverli et al., 2007; Koolhaas et al., 20b@¢h undebasaland
stresful situations

To date, he existence c8CShave beerronfirmedin a number ofaxg such as
birds (Dingemanset al., 2002), mammals (Fernandez et al., 2009) andsEshréviews
of Toms et al., 2010; Conrad et al., 2011; Castanheira et al., dadibidual coping
style has been suggestedtm flu e nc e s o ¢ reprbductiondociat dynamics,h i p s ,
andmany otheiphysiologicaland behavioural s pe ct s o f a fithessthati vi dual
can have profound casbr benefits dependingpon environmeiat contexs (Dingemanse
and Réale2005; Smith and Blumstein, 2008ijttelbach et al., 2014; Castanheiraaét
20195. Indeed SCSmay be repeatabl(e.g.refers to a stable individual behavidkrough
time), consistenfe.g.refers tathe predictability of repetd measures withimdividualg
and correlatee.g.refers tandividual consistency acrodgferentsituations or contexts)
over periods of timandacrosscontexts(for further detail ofdefinitions seeDall et al,
2004;Sih et al., 2008; Réale et al., 2007; Bell et al., 200R)easuring the repeatability
and consistencyf coping stylesis of importancewhen evaluating théehaviourof
animals in noveénvironmentsopen field or risk situations since environmental factors

have been observed to potentiaiaskindividual behavioural difference@artin and
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Réale, 2008)Hence, me way b reduce this slant is to repeat seseveral times
individually to reliablyestimate tk intra-individual behaviouralariationand once tis
intrarindividual variation has been estabkstthe behavioural variation can be reliably
assesse(Dingemanset al., 2002)Being able to forecast whetheadividuals in a group
behave predictably overcertain period of timgould be valuable for diverse areasich
asbehavioural ecologyconservation biology or aquaculture, sinceotildincrease the
possillity to characterize individuadtatus(e.g.dominancegrowth, reproductionand
could provide information to createsuitablehabitats for individualsTo date, sveral
studies have investigated the repeatability and consistencypaig style behaviours
over time and across different tests or situationseieral fish specig€ummings and
Mollaghan, 2006Millot et al., 2009;,Chervet et al., 201 Rey et al. 2013oulton et al.,
2014;Ferrariet al., 205). However the majorityof previousstudies havénvestigated
fish behavioural traits over a relatively short (dayweeks) and intermediate (week
months) time periods, and ordyew studieshave beewarriedoutover long timeperiods
(close to ayearor morg and have evaluategpeatability(Rey et al., 201,3Biro and
Adriaenssens, 201 8errari et al.2015)

Senegalese sol&¢leasenegalens)sis a flatfish species ohigh commercial
valuethat hasbeen demonstrateid exhibit proactive and reactiveoping styleswith
significant differences in activifyrisk takingand HPA axis responsivene@ddota-Silva
et al., 2010; Martins et al., 201barraZatarain et al., 20). To date noinformationis
availableon thetempor& behaviouratepeatability or consistendy this fish speciedor
juvenilesor adults Thereforethis work evaluaté the repeatability and consistencly
Senegalese sole juveniles and breedersss differentontextgthree individual and one
grouptess) and overalong-time period(juveniles tested three times in thamsecutive
years and breeders tested three times in two yddrsaims of the present study were to
a) investigate the intrendividual behavioural repeatability and consistency of juveniles
and breedersver time and across contexamdb) compare the behaviourphenotypes
over time betweenuveniles of the same year clagbat startedgametogenesisarly

(entered pubertygandthosethat notinitiated gametogenesigre-pubescent)
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Materials and methods

Ethic statement

All experimentalork in this studycompliedwith the Spanish and European regulations
on animal welfare (Federation of Laboratory Animal Science Associations, FELASA)

andwasapproved by the Animal Ethics CommitteelRTA, Spain.

Experimental animals, housing and feeding
Sixty-one Senegalessolejuveniles andifty -nine breedersvere used as experimental
animals.Solejuvenilespresented an initiadverageveight of45.6 + 1.8g and length of
15.2 £ 0.2 cmwhile breedes initial averageveightwas 1238 + 55.2 gnd length 45.8 +
0.6 cm Juveniles were housedtinree0.5 n? square tankgl m length x 1 m widx 0.5
m depth) while four 13 m tanks(6 m length x3 m wide x 0.9 m depthWwere used for
breedersand both systemsvere ina greenhouse structuré recirculation system
(IRTAMAR ®) with a dailytotal water exchange rate 60 % day' was usedo maintain
optimalwaterparameters foboth groups ofish (T = 18- 21 °C; O;=5- 6 mg/L). The
IRTAMAR® recirculation system included sensors that continually measured and
registered temperatur@enebre, Barcelona, Spaiahd oxygen(OxyGuard, Farum,
Denmark) and in addition daibyxygenlevels were checked and registeeaath morning
with an oximeter (Oxi3205,WissenschatftlichTechnische WerkstattenGermany).
Juveniles were fedad libitum twice aday (10:00 and 15:00 lona commercial balanced
diet (Elite LE-2mm, Skretting, C9, while thebreedersdedng regimeincorporatedalso
nonprocessed fresHood andwas as follows: Monday: dry pelletbalancedfish feed
(Vitalis Reprea7 mm andLE-7 ELITE, Skretting Co.)Wednesdaycooked mussels
Mytilus edulis (Sariego Intermares, Spainpnd Friday: frozen marine polychaetes
NereisvirengTopsyBaits, Wilhelminadorp, Holland)One hour aftefeeding,uneaten
food was removed from tanks to maintain optimal physicochemical conditions.

All juveniles and adult fistvere PIFtagged {1.5 mm x 2.5 mm diameteD-
100 Unique, TrovaiZeus, Madrid, Spain) fandividualidentification.

Experimental procedures

Threeruns of coping stylesestswere performedsupplementaryigure 1) Each run
startedandfinished at the same howandthe same material was usg@gk. tanks, nets,
etc.) The stress assag®nsisted inhree individual (restraining, new environment and

confinement) and one grouping test (risk taking)doth groupgjuveniles and breeders)



187  Individual tests were performed the same day, one after anothehile therisk-taking
188  test was realized one month later to allow fshecover(detailedbelow, supplementary
189  figure J). After each set of individual behavioural tegteeblood was extracted from all
190 fish, bothin year 1 ad 3 for juveniles and in yearahd 2 forbreedersto quantifyplasma
191 levels ofcortisol, glucose and lactatsee below)rom both juveniles andreedersAt
192 the end ofthe third run the sex andhe gonadal maturity of juvenilesiere assessed
193  following the methodology of Anguis and Cafiavgi05).

194 a) In juveniles, the restraining and confinement tests were performysaiml(run
195 1), 2 (run 2 and3 (run 3, the new environment test yearl (run 1) and3 (run
196 3) andtherisk-takingtests inyear 1(run 1) and3 (run 3 (supplementaryigure
197 1).

198 b) In breeders, the restraining and confinement tests were performyannl—
199 autumn- (run 1), year 2—- spring- (run 2 andyear 2— autumn- (run 3, the new
200 environment tesn year 1-autumn- (run 1) andyear 2— autumn- (run 3)and the
201 risk-takingtests inyear 1-autumn- (run 1) andyear 2— autumn- (run 3.

202 c) The bloodcollectionwas performed iryear 1(run 1) and3 (run 3 in juveniles
203 and inyear 1-autumn- (run 1) and 2 —-autumn- (run 3 for breeders
204 (supplementaryigure 1)

205 d) Femalestage ofoogenesisvas estimatedby the degree ofovarian swellingas
206 follow: stage | the ovarwasdetected by touching the ventral area of the female
207 stages Il and llwas reachedvhen different degrees of gonad swelliwgre
208 visible externally (initial and intermediate, respectively), &sld were instage
209 IV when maximum ovarian swellingasobserved as a result of gae hydration
210 (from Anguis and Cafiavate 200%)Jales with gametogenesis were identified by
211 applying gentlgressure on the abdomen to obtain a small amount of milt and the
212 percentage of motile spermatozoa was evaluaittda microscope followinghe
213 methodology described by Fauvel et al. (2010).

214

215  Test 1.Restraining test

216  The behavioural responses of juvenikeseevaluated byoldingeachorganismn a net
217  out of the water for 90 s, while the behaviour of breeders was determiagtktinside
218  of the water for the samperiod Tests wereadapted from Martins et a(2011),
219  Castanheira et a(2013 and validatedby IbarraZatarain et al. (2016) fobenegalese

220 sole Two variables wereneasuredh bothgroupsi) the ptal activity timewithin the net
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and in the air for juveniles NetActA), and within the netin the water for breeders
(NetActW), and ii) the total number of escape attemptem the netin the air for
juveniles(NetEscA) and inthewater for breeder@NetEscW).

Test 2. New environmentest

Eachfish was placedor five minutesin a plastic tank (56.5 x 36.5 x 30 e¢n%0 L - for
juveniles and 114 x 95 x 57 ca650 L- for breedersthatsimulated a new environment
Tests wereadapted from Wilson and Godin (2009), Martins et(2012), Carter et al.
(2013 andlbarraZatarain et al. (2016Ywo parameters weraeasuredor juvenilesand
breedersi) thelatency to moveNewLat, considered as the first moment that fish started
to explore the new environment aiidthe total activity timeNewAct, beingthe total
time thateach fish spent swimming forward in the tanKidh did not move at all during
the 5minutes periodfreezing) then 300s (maximum time of the testyas recorded as
NewLat for further statistical analysis (Farwell and McLaughlin, 20@@rraZatarain

et al, 2016. To cause minimal disturbance to fisinservers stood stationary 1 m away

from the container to avoid disturbing the fish

Test 3. Confinement test

Fish were individually placetbr five minutesin a plastic tankvith reduced dimensions
(25 x 14 x 8 cm- 5 L - for juveniles and 56 x 36 x 30 cm25 L - for breeders}hat
simulateda confinement situatiorilests wereadapted from Brelin et a(2005, Ruiz-
Gomez et b (2008, Kittilsen et al.(200) and validated by IbarrZatarain et al. (2016)
for Senegalese sol@wo parameters were registerfent juveniles and breeders) the
latency time to moveConLat, considered as the first moment that fish startetiave
andii) the total activity timeConAct, restricted to active locomotion in thenfinement
container.If fish did not move during the test, then 3@as recorded &onLat for
further statistical analysis (Farwell and McLaughlin, 20@8rraZatarain et aJ.2016).

Observers stood stationary 1 m away from the container to notlafsth.

Test 4. Risk taking testin groups

This test was performed on juveniles and breedederthe same behavioural criteria,
one month aftefinalizing individual tests. This test aimed to determine fislingness

to cross from a known argar safe zongto an unknown area, or risky zone (adapted from
Huntingford et al 2010,Carter et al., 2013errera et al., 2014; Ferrari et al., 2Gi



255 validated by Ibarr&atarain et a).2016 for Senegalese spl@he safe zone was isolated
256 from light (2 and 3 lux at the surface for juveniles and breeders, respectiveli{heand
257  bottom covered with sand, tsimulate asafe space for fish(similar to their natural
258  environment) On the contrary, the risky zom@asmore illuminated (15 and 11 lux at the
259  surface for juveniles and breeders, respectively) and devoid of sand. For juveniles, a 500
260 L tank(1 mlength x 1 m wide x 0.5 m depthgs divided into two equal zones by a rigid
261  plastic screeand awindow (5 cm hgh x 20 cm width) wakcatedat the bottom of the
262  screenwith a doorallowing fish to cross between both areas. For breeders, the test was
263  performedn a 16 ni tank(6 m length x3 nwide x0.9 m depth)divided into two equal
264  areas by solid wooden scrae A window (30 cm width x 15 crdepth) wasopenedat

265 the base of the screeovered bya sliding door that could beemovedto allow fish to
266  pass frononearea to anothefmhewindowsin the divisionswvere placedt the centre of
267 areading antenna (SQR series; TROVEARUS, Madrid, Spain) that wasmployedto

268 read the tag numbeof fish that passed through the winddwe. corroborate information
269 from the reading antennasubmersible cameraasinstalled in bottthe safe and risky
270  zoneand videos checked to ensure registered fish crqsgedre black and white CCD
271 camera, model F60B/NIR580G Korea Technology and Communications Co. Ltd.,
272 Korea supplied in waterproof housing by Praentesis S.L., Barcelona).

273 Before starting the tedboth stagesjuveniles and breeders weaeclimated24-

274  hours in the safe zone, by keeping windmlosed until the beginning of the test, which
275 started at 10:00 hours and lasted 24 hours. Juveniles were iesgedups of 15
276  individuals and breedeiris groups of 10 individuals, to avoid stress induced by high
277  stocking densities. Fish that successfully crossed from the safe to the riskyer@ne
278  defined agroactive, while fish that did not cross wéabelled ageactive,considering
279  criteriagivenby Huntingford et al(2010), Rey et al2013),Tudorache et al. (2013) and
280 IbarraZatarain et al(2016) Thetotal latency time of eacindividual to cross from one
281  area to another wadsorecorded.

282

283  Blood plasmaanalysis

284  In order to comparand determine a possible correlation betwalend parameterand

285  SCSbloodwassamplel from each juvenile and breedés quantify cortisol, glucose and
286 lactate levels. To avoisloodcoagulationneedles and syringeswecoatedwith heparin

287 In addition, the blood samples were mixed will® pl of heparin (5%, 25.000 Ul;
288 HOSPIRA) and 15 pof aprotinin (from bovine lung; 0.9% NaCl, 0.9% benzyl alcohol
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and 1.7 mg of protein; SIGMAh al.5ml Eppendors$. Blood samples wereentrifuged

(M23i, ThermoScientifirat 3000 G and 4C during 15 min and plasma supernatant was
removed and storedy t r i p 1 i ¢ a°C grior taanalysis8Cortisol levels were
measured bgneans oh competitive conjugated binding ligawith a commerial ELISA

kit (Range of detection: 0800 ng/mL; DEMEDITEC, KielWellsee, Germany), whereas
glucose and lactate concentrations were measured by means of commercial enzymatic
colorimetric kits (SPINREACT, Gerona, Spaiahd both analysis were performed
following manufacturer’s instruction§ortisol, glucose and lactate absorptions were read
usinga spectrophotometer (Infinite {I00; TECAN, Switzerland) at 28 and 505 nm

andplotted ona standard curvi® determine their concentration levels

Statistical analysis

All statistical analyses were performed using SPSS 20.0 software for Wir§tRMms3.
Values were presented as means + standarddcdrioemean(SEM). For all analysis, the
significance level fortatistical difference &sP < 0.05.Data werecheckedor normality
through Kolmogorov Smirnov test with Lilliefors correction afwdl homogeneity of
variances through a Levene’s te§t.data was normally distributed with homogeneity

of variances.First, three principal components analysis (PCA) were successively
performed on: i) NetAct and NetEsc from the restraining test; ii) NewLat and NewAc
from the new environment teahd iii) ConLat and ConAct from the confinement test.
For each PCA, the viable that explained the highest variance and showed eigenvalue
over 1 (based on Kais€uttman criterion) was the most representative variable of each
test performed and was retained to represent the composite behaviour of each organism,
also called indiidual Principal Component Score (PCS) for each test. Thus, the variables
selected for juveniles were: NetEscA (eigenvalue = 4.43, variance £6/316fined as:
restrainingPCS), NewlLat (eigenvalue = 2.85, variance = 712 defined as:
confinemenPCS) and ConlLat (eigenvalue = 4.36, variance = 7%8defined as:
environmePCS). For breedersheselected factors were: NetEscW (eigenvalue = 3.04,
variance = 50.86, defined asrestrainingPCSH, NewLat (eigenvalue = 2.53, variance

= 63.4%, defined asenvironmemPCShH and ConLat (eigenvalue = 2.86, variance = 48.0
%, defined asconfinemenPCSh The correlation coefficient between blood paransster
fish morphometriparameterand each PCS for juveniles and for breeders were analysed

with a Pearsois correlationanalysis.
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Second, differences in behavioural responses of juveniles and breeders for new
environment, confinement and cortisol, glucose and lactate levels from runs 1 to 3 were
assessed by performingGeneral Linear Model with MultivariateRepeated Masures
analyses of variamc(GLM-RM MANOVA), with a Wilk’s lambda criterion and Fisher’s
exact testincludinggeneral GLM-RM ANOVA analyses wreperformed separately for
the restraining test for juveniles and breeders, since total activity and escape attempts
variables were measured differently in both groups (in the air and inside the¢. water
Significant differences in the behavioural responsendividuals among the different
runs supported the interpretation fa high intraindividual variability When no
significant differenceswhere found the relationship between data sets was further
examined to determine the existencéo®f intra-individual variabilityor repeatability of
a behavioural traivithin individuals Low intraindividual variabilitywas indicated by
the reliability-consistencytest with an Alpha Cronbach’'s (aC
class correlation coefficient (ICQyhich was performean responsesf juveniles ad
breeders over time and feach individual tests and blood parametersaAC v al ue over
0.7 andP-values below 0.05 for the behavioural responses of juveniles and breeders
among the three runs indicated high intand intrabehavioural correlation and
consistency.In addition, the parameters from different runs were compared with a
Pearson’s correlan analysis and a correlation coefficient, R, over 0.7 RBnalues
below 0.05ndicated repeatability.

Third, two general linear model (GLNMIANOVA) analyses were performed: i
to compare the three PCS of juveniles with and without gametogenesis, and ii) to compare
the three PCS of fish that crossed and that did not cross imishéaking test.
Additionally, a Chisquare test, with a Phi and Cramer’s nominal analysis, wasrmped
in therisk-takingtest to evaluate whether the proportion of fish that crossed in run 1 was
similar to the proportion of fish that crossed in run 2, for juveniles and breeders. Then,
the ability to take riskof juveniles in the risk-taking test was compared between

proportions of fish with and without gametogenesis, by means of-aqDhre test.

Results

Senegalese sole juveniles and breeders exhibited bahaviactics that resembled
proactive and reactive coping styles was previouslgemonstratedor this species
(IbarraZatarain et al, 2016). The SCS ranged frorproactiveindividuals with high

activity and low plasma cortisollevels that crossed to the risky zone, to reactive



356 individuals with low activityand high plasma cortol levels that remained in the safe
357 zone Therefore, the consistency and repeatability over time and context was examined
358  for both the classified SCS and the behavioural and physiological parameters tested.
359

360 Behavioural response®f juveniles

361 Repeatabilityover time) Altogether,comparisons of the behavioural responses between
362 runsconvergedto the conclusion that SCS behavioural responses of Senegalese sole
363 juveniles showedepeatabilityover time Thebehavioural parameters fogstraining, new

364 environment and confinement tesisre not significantly differenfior Senegalese sole
365 juveniles among runs 1 to(Fablel and2). The AlphaCronbach’s reliability tesind

366 the Pearson’s analysienfirmeda high correlationbetween performetestsover ime

367 (Table 3and supplementary tabl¢. Performed statistical tests supported the suggestion
368 that Senegalese sole gniles show behavioural repeatabilijowever, juveniles varied
369 in theplasma levelsf cortisol, glucose and lacta€able 2 supplementary table) 1The

370  number and proportion of fish that crossed from the safe to risky area was @hsilar
371 0.501)in both runs(Table 1) The percentage of individual fish that repeated the same
372 response to the risk test was 724 crossed and 33 did not cross in both testgyesting

373  a high intra individual repeatability

374

375 Consistency (between context or situatiodgyeniles that successfully crossed presented
376  significantly higher scores foestrainingPCSj(F1, s4a= 5.14 and® = 0.027 in run 1 and
377  Fi1,54=3.08,P =0.033 in run 3, Figuré) and lower scores faonfinemenPCSj(F1, 54

378 =10.87 and® = 0.002 for run 1 an#y, s4= 3.66 and® = 0.029 for run 3, Figur#) than

379 juveniles that did not cross, in both ruriBor environmemMPCSj no significant

380 differences wre observed between juveniles that crossettlamse that did not cross in
381 run 1, whilejuveniles that crosseth run 3 showed significantljower scoresthan

382  juveniles that did not crog§ i, sa= 4.57,P = 0.025) (Figurel). Overall, juvenilesthat

383 took higher riskexhibitedgreateractivity and lower cortisolevels when comparetb

384 fish that dd not cross, and this pattenereaccording taSCSdefinition.

385

386  Behavioural responses of breeders

387 Repeatability (over timeBy analysingparametersvith the different statistical models,
388  Senegalese sole breedamreevidencedo showsimilar behavioural responsamong

389 runs,asdocumentedn juveniles.Overall, breederin the different rungpresentecho



390 significant differencegTable 1 and 2), high intrelass correlation (ICC) and high

391 degree otorrelation (Table 3 and supplementary tableé=iyther cortisol, glucose and

392 lactatelevelswere stabk over time (Table 2Performed statistical tests supported the
393  conclusion that Senegalese sole breeders show behavioural repeatdtaliymber and

394  proportion of fish that crossed from the safe to risky area was siffit0.059)in the

395 two testsyun 1 and run Table ). The percentage of individual fish that repeated the
396 same response to the risk test was 83% (13 crossed and 36 did not cross in both tests)
397 suggestin@ high intra individual repeatability.

398

399  Consistency (between context or sitoias): Breeders that successfully crossed presented
400  significantly higher scores foestrainingPCSb(F1, s5= 3.56 and® = 0.036 in run 1 and

401 F2,55=3.25and®=0.042 in run 3) and lower scores &mvironmemPCSbh(F1,55= 3.18

402 andP = 0.047 in run 1 ané>, 55 = 3.90,P = 0.026 in run 3)however,no significant

403  differences were detected foonfinemenPCSbneither in run 1 nor in run 3 (Figug

404  first and second rowFish that successfully crossed showed significant |basal évels

405  of cortisol concentrationm plasmathan fish that did not cross (supplementatyle: 3).

406  Similar to juvenilesbreedershat took risk were comparable to proactdehavioursand

407 breeders that did not cross with reactbehaviourssince their differences iactivity,

408 risk and cortisol levels.

409

410 Relationship between SCS and gametogenesis

411  Twentytwo of sixty-one juvenilesshowedgametogenesis (11 females and 11 males).
412  Furthermore,dur of theelevenfemales were found in stage 1 and seven in stage 2, while
413  nine of the eleven males presented 20% of motile sperm cells and two showed 10% of
414  motile sperm cells. In addition, juveniles with gametogenesis were significantly heavier
415 and largerfy, s4= 4.25 P=0.008 andF1, 54= 3.58,P = 0.022, respectively) than juveniles
416  without gametogenesissypplementary table )2 The PCS of juveniles with

417  gametogenesis were significantly higher than fish without gametogenesstfaining

418 PCSj(F1,54= 3.93,P = 0.038) and lower iconfinemenPCSj(F1, s4= 4.27,P = 0.026),

419  but they did not differ foenvironmemMPCSj(F1, sa= 0.38,P = 0.538) (Figurel, first

420 row). Moreover, fishthat hadgametogenesi¢in run 3) showed significantly lower
421  cortisol levelghalf less) in run 1Kz, s4= 2.67,P = 0.042) and in run 3 #n fish without

422  gametogenesis (supplementaaple 2). Interestingly,eighteenfish of twenty-two with

423  gametogenesis (81.2 %) crossed inrtbletakingtest (in both runs 1 and 3) and none of
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the fish without gametogenesizossed The Chisquare test detected significant
differences in fish disposition to take risk between the proportion of individuals with and
without gametogenesix¥ = 13.21,df = 1, P = 0.021). These results suggested that
behavioural patterns of fish with gonadal development were consistent with proactive
strategies higher escape attempts, lower latency to move and higkkitaking
predisposition. No significant correlationB ¢ 0.05) were detected between the three
PCS, morphometric parameters and blood parameters, neither for fish with

gametogenesis, not for fish without gametogenesis.

Discussion

Senegalese sole juveniles artdl r e e dbehaviosiral characterization: individual

and group tests

Fish that successfully crossed in the 1tigking test presented significantly higher scores

in the restraining (juveniles and breeders), in the new environment (breeders) and in the
confinement (juveniles) tests and had lower plasma obrtevels (juveniles and
breeders) than fish that did not crofese behavioural patterns were consistent tivih
definition ofproactive SC$Koolhaas et a]1999),while behavioural patterns of fish that

did not crossalsopresenng significantlylower scores in thimdividual tests and higher
plasma cortisol, resembleéactivetraits for both juveniles and breedetseing in

agreement with the study of IbaiZatarain et al. (2016).

Evaluation of repeatability and consistency irSenegalese sojaveniles and breeders
The combination of thevarious performedtatisticaltestsallowed the interpretation of
behavioural repeatabilitgver timeand consistencg@cross contexts Senegalse sole
juveniles and breedens the restraining (NetActA andéEscAfor juveniles NetActwW
and NetEscWor breeders new environment (NewLat and NewAct) and confinement
(ConLat and ConAct) testen runs 1 to 3However, cortisolevelswere not as stable
over time and across conteststhe behavioural responsegere The AlphaCronbach’s
reliability test and the Pearson’s analysigpported the conclusion that individuals
showed a high degree of repeatability and correlatidividual behavioural responsebk
juveniles and breedets restraining, new environmeand confinement tests runs 1

to 3 Regardingcortisol juvenilesshoweda high variation in their levels between runs 1
and 3 which may be related to the changing maturation status as in run 1 all fish were

immature compared to run 3 when paoportion of fish entered pubert{similar
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observations have been expanded on belbiayvever breedershat were all in a similar
stage of maturitpresented a higrepeatabilityin theircortisol levelg Table 2) Besides
juveniles and breeders werenéiomed to exhibit two behavioural reactions, which
resembled proactive/reactive traits, in response to the diffeirestests performednd
furthermore,these behavioural responsssre maintainedver time. In other words,
juveniles or breedensresenting a high number of escape attempts (proactive) in run 1
also showed a high number of escapes in the successive runs (2aduiég-versafor
reactive fish Onlyafew studiedhaveevaluated fish behaviour over long time periads,

in the present study.The behavioural epeatability and consistency displayed by
Senegalese soleveniles and breeders over three and two years, respectively, were
consistent with the results of those studies that evaluated activity in response to similar
tests oveshort time periods, such as in swordtail bluegill sunfispomismacrochirus
(Wilson and Godin, 2009), gilthead sea breaparusaurata (Castanheira et al., 2013)
and sheepshead swordtxil birchmanni(Boulton et al., 2015), and over long time
periods, such as cichlideolamprologugulcher (Chervet et al., 2011), mosquito fish
Gambussianolbrooki (Biro and Adriaenssens, 2013), and zebralsimio rerio (Rey et

al., 2013. However, some authors manties that the intréndividual consistency and
correlationsdecreased over time, while in Senegalese beleavioursvereconsistently
maintained over timand in some parametersrrelationbecame strongde.g. activity

in restraining, new environment).

As well, the Pearson correlations showed higlationshipsan restraining, new
environment and confinement tests for Senegalese sole juvenilgsar 1, 2 and .3
However, it was observed that correlations in breeders were lower when comparing
data/resuk betweeryear Tautumn year 2spring and year-autumm and this might be
attributed to the season in which tests were performgdan? (June). At thigperiodof
the year, Senegalese sal@ultswere recovering from their breeding season. Thus, it is
possible that energy and metabolism wesed to recoveoptimal physiologyand then
inducedlower activity inthe broodstockCareau and Garland, 2012notherargument
would bethat maturity statusand hormonese(g. testosterone, B-estradiol, etc.)
influenced the Sene ganaybebyntarfeihgaithicartisad ase r ° s
had been observed in other fish species, such as stickl&zstkrosteus aculeatus
African cichlid fishAstatotilapia burtonand Siamese fighting fidBetta splenden®ell,

2004; Huffman et al., 2013; Hebert et al., 2014), whom observed changes in risk taking

ability andaggressionHowever, this hypothesis should be further analyBsdjarding

b e
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the plasmaanalysis significant correlations over time were observed for cortisol and
lactate concentrations in juveniles and only for glucose concentrations in breeders
(supplementary table)1The present resultsre in lineto other studies that analysed

overallcorrelations over time (Castanheira et al., 2013; Ferrari et al., 2015).

Behavioural patterns of fish with and without gametogenesis

A key and novel result of the presenvestigationwas to observe that juveniles that
started gametogenegisesentedhigher scores in restraining test and lower scores in the
confinement test, showed lower cortisol blood levels in both runs (1 and 3) and exhibited
higher disposition to take risk. Indedde groupin gametogenesishowedsignificantly
higher weight andength thansole with no gametogenesis. Thefiest observations
suggestthat fish with higher activity and risk predisposition and low glucocorticoids
levels (esemblingoroactiveSCS enter puberty and gametogenesis earlier thamfigh

low activity andrisk predisposition and high glucocorticoids levgessembling reactive

SC9 that were not observed gtartgametogenesis. Thesevel resultsare inline to

those reported by Bell and Stamps (2004) and Edenbrow and Croft (2011), whom
documented the anjficant influence of behavioural traits on first sexual maturity in
sticklebacksand mangrove KillifishKryptolebias marmoratus respectively. Indeed,
results weresimilar with studies that evaluated relationships between coping styles,
growth, activity and physiological changes over time (Brodin, 2008; Wilson and Godin,
2009; Edenbrow and Croft, 2011).

A probable explanation about these individual behavioural differences between
juvenileswith and without gonadal development might rely on their metabolic rates and
requirements, which were possibly higher in fish with gametogenesis than in fish without
ganetogenesis. Higldemandingmetabolisms have been generally hypothesized to be
translated into higher activity, aggression gmuactivenessn contexts related to
dominance or risk taking. Further, individuals with higher metabolic rate have higher
possibiities for food acquisition and thereby for energy gain that involved greater growth
rates, improved physiological development aatlier maturationBiro and Stamps,
2008, 2010; Huntingford et al., 201R¢ale et al., 2010l6;areau and Garland, 2011).
addition, Réale et al. (20&0b) proposed in their paceof-life theory (POLS) that
individuals with afast lifestyle those with high metabolis@mnd energypareassociated
with boldness aggressiveess risk predisposition and early maturation whilst

individuals withslow lifestyle (hose with low metabolism and eneyg@xhibit cautious
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behavious and delayed reproduction. Another possible explanation for these behavioural
differences between fish with and without gametogenesis is the influenceraiiies on
Senegalese sole behaviour. Sex hormoagstéstosterone), produced the beginning

of gametogenesis, have been documented to influence the aggressaveig@sinance

a trait that tends to benked with coping styles (Koolhaas et al., 2010; Conrad et al.,
2011; Sih et al.,, 2015&s observedn other fish speciessuch asmangrove rivulus
Kryptolebias marmoratu@Chang et al. 2012) artle African cichlid fish (Huffman et al.

2013. It is important to emipasize that Senegalese sole exhibits defined proactive and
reactive SCS at early liltageg40 days poshatch) (IbarraZatarain et al., 2015) and in

the present study it was observed that SCS in juveniles were preserved through time. In
accordance witlihe aforementioned and considering that sexual maturation has been
shown to be related to a threshold gathering data on energy reserves, size and age (Duncan
et al., 2013), SCS was demonstrated to be closely associated to gametogenesis, with
proactive fi§ reaching this physiological threshold and then, maturating, before reactive
fish. Nonethelessit would behighly recommendable to perform more studies focusing
onthesewo aspecsto corroborate the link between gonadal development, hormones and
behavoural traits during fish ontogeny Senegalese sqlsince itmayprovidevaluable
information forthe general knowledge on the biology of the species and béangbdir
conservation in natural environmenés well asfor aquaculture research and

production sectors.

Conclusion

The presenstudyprovidednoveloutcomes on Senegalese sole stress coping Siyiiss.
study is one of the first demonstrating the significant high degree ofimuliradual
repeatability over a longme period (three antivo years, respectivelgnd consistency
across different individuabased and groupased coping style tests in Senegalese sole
juveniles and breeder$hesephysiological andehavioural responses wesenilar to
stress coping stylegefinition (Koolhaas et al., 201@ndsomei n d i v behavieunls °’
responsesvere consistent with proactive and reacti8S For the first timejt was
demonstratedsome significant behavioural differencegtween juveniles with and
without gametogenesielated toSCS Nonetheless, more studies are needed to confirm
thesefirst results in Senegalese sqgleseniles The significant and strong degree of
repeatability, consistency and correlation of behavioural traits in Senegalese sole

juveniles andreeders observed in the present study confirmed that the set of individual



560 based (restraining, new environment and confinement) and-gemen (risk taking) tests
561 were suitable and robust to meas8f@&Sin this fish species, as described previousty
562 the same authordbarraZatarain et al., 2006
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crossed, dark grey = not crossed)ndicatessignificant differeces(P < 0.05)
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Tables

Table 1. Mean behavioural responses of Senegalese sole juvenildseetkrs over time. In juveniles, runs 1, 2 and 3 of individual
tests were respectively July 2012, 2013 and 2014, while risk tests were in year 1 (run 1) and 3 (huee3jeln, runs 1, 2 and 3 were
in year l-autumn, year 2-spring, and year 3autumn respectively, while riskkaking tests were performed in autumn of years 1 (run
1) and 2 (run 3).

Test Variabl Juveniles Breeders
ests ariables
Run 1 Run 2 Run 3 Run 1 Run 2 Run 3
NetActA 10.2+ 1.0 11.0+ 0.8 12.0+£ 1.0 na na na
o NetEscA 25,0+ 2.2 23.8+2.1 26.2+1.9 na na na
Restraining
NetActW na na na 18.1+2.2 154+17 174+1.7
NetEscW na na na 54+0.9 6.6+1.2 72+10
New NewlLat 140.0 + 16.2 na 1343+ 155 | 1095+ 16.8 na 93.6 + 14.2
environment NewAct 12.7+2.3 na 17.0+2.4 26.1+ 4.6 na 28.6+ 4.6
ConlLat 126.2 + 17.0 112.4+ 16.7 107.8* 15.2 1124+ 16.3 72.2+14.8 86.5+ 135
Confinement
ConAct 36.6 +6.1 37.0+6.0 415+6.3 242+ 4.7 252+38 28.0+3.7
Cross 24 na 18 17 na 19
Risk taking
Not cross 37 na 43 42 na 40
Cortisol (ng/ml) 58.0+8.1 na 79.6 + 8.3 206+ 7.2 na 16.8+5.2
Blood Glucose (mmol/l’ 43+04 na 6.2+04 47+0.3 na 85+09
parameters
Lactate (mmol/I) 19.7+£0.7 na 26.8 £ 0.7 6.6 £0.8 na 106+£1.1

na = not applied



Table 2. Parameters of the GLM repeated measures MANOVA examining intra anehiditedual consistency of behavioural and

physiological responses of Senegalese sole juveniles and breeders for the different tests over time and between ueedigs.and

= Wilk’s lambda valuegl.f. = degrees of freedorf,= Fisher valueP = significance levelP-values > 0.05 in bold indicated high intrad

inter-individual repeatability

. Juveniles Breeders Juvenile - Breeders
Tests Variables
d.f. F P d.f. F P d.f. F P
NetActA 0.748 2,59 1.69 0.194 na na na na na na na na
NetEscA 0.944 2,59 1.71 0.184 na na na na na na na na
Restraining
NetActW na na na na 0.973 2,57 0.77 0.464 na na na na
NetEscW na na na na 0.946 2,57 1.16 0.208 na na na na
New NewLat 0.959 2,59 2.55 0.115 | 0.962 2,57 2.31 0.134 | 0.969 2,117 3.81 0.048
environment NewAct 0789 2,59 6.02 0.175| 0.993 2,57 0.436 0512 | 0976 2,117 296 0.088
ConlLat 0.959 2,59 1.25 0.292 | 0.907 2,57 2.92 0.062 | 0934 2,117 4.11 0.019
Confinement
ConAct 0.901 2,59 2.90 0.69 0.962 2,57 2.11 0.335 0.938 2,117 3.85 0.024
Cortisol 0.640 2,59 33.75 0.001 | 0.997 2,57 0.19 0.664 | 0971 2,117 64.11 0.000
Blood Glucose 0538 2,59 5158 0.000| 0966 2,57 206 0.161 | 0.648 2,117 3.48 0.065
parameters
Lactate 0483 2,59 64.16 0.000 | 0.966 2,57 2.03 0.159 | 0.730 2,117 43.62 0.004




Table 3. Parameters of the tesdtest reliability analysis examining intra and intatividual variability of behavioural responses of
Senegalese sole juveniles and breeders across the different tests and over=tilslgha Cronbach’s valudCC = within intraclass
correlationd.f. = degrees of freedork,= Fisher valueR = significance level. Fzalues< 0.05 in bold indicated high intrand interindividual

consistency
. Juveniles Breeders Juvenile-Breeders
Tests Variables
ICC d.f. F P ICC d.f. F P ICC d.f. F P
NetActA 0.959 0.872 60, 120 64.16 0.000| na na na na na na na na na na
NetEscA 0.942 0.844 60, 120 17.37 0.000| na na na na na na na na na na
Restraining
NetActW na na na na na | 0.785 0.548 58,116 4.64 0.000| na na na na na
NetEscW na na na na na |0.704 0.285 58,116 2.19 0.047| na na na na na
New NewLat 0.989 0.978 60, 120 93.52 0.000| 0.871 0.768 58,58 7.76 0.000| 0.938 0.880 119, 119 2.25 0.059
environment  \owact  0.948 0.879 60, 120 19.13 0.000| 0.794 0.661 58 58 4.85 0.009|0.840 0.721 119,119 16.06 0.000
ConLat 0.878 0.706 60,120 8.21 0.001| 0.705 0.313 58, 116 2.40 0.046| 0.678 0.224 119,238 4.82 0.054
Confinement
ConAct 0.985 0.954 60,120 67.10 0.000| 0.792 0.561 58,116 4.79 0.000| 0.942 0.822 119,238 17.15 0.000
Cortisol 0.946 0.851 60, 120 18.51 0.000| 0.017 0.009 58,58 1.01 0.474|0.616 0.129 119,238 8.46 0.063
Blood Glucose 0.881 0.669 60,120 8.34 0.001|0.992 0.885 58,58 92.28 0.000| 0.498 0.216 119,119 4.52 0.051
parameters
Lactate 0.311 0.100 60, 120 1.45 0.076| 0.987 0.687 58,58 77.08 0.000( 0.837 0.620 119,119 3.13 0.059




Supplementary figure
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Supplementary t@ables

Table 1.Pearson’s correlations among runs 1 to 3 for Senegalese sole juveniles and breeders. Bold letter indicates sigreincast differ
(P <0.05).

_ Juveniles Breeders
Tests Variables Values runlvsrun2 runlvsrun3 run2vsrun3 runlvs run 2 run 1vsrun3 run' 2vsrun3
(autumn-spring)  (autumn-autumn) (spring-autumn)
NetActA R 0.788 0.757 0.817 na na na
P 0.001 0.001 0.001 na na na
NetEscA R 0.739 0.662 0.754 na na na
. P 0.001 0.004 0.001 na na na
Restraining R N 0.422 0.653 0.437
NetActw na na a . . .
P na na Na 0.025 0.001 0.019
NetEscW R na na Na 0.285 0.458 0.161
P na na Na 0.035 0.021 0.223
R na 0.931 Na na 0.738 na
NewLat
New P na 0.001 Na na 0.001 na
environment R na 0.812 Na na 0.658 na
NewAct
P na 0.001 Na na 0.001 na
ConLat R 0.551 0.542 0.466 0.042 0.702 0.201
. P 0.009 0.011 0.019 0.762 0.001 0.127
Confinement
ConAct R 0.939 0.897 0.910 0.403 0.805 0.431
P 0.001 0.001 0.001 0.018 0.001 0.001
Cortisol (ng/mi) R na 0.806 Na na 0.009 na
P na 0.001 Na na 0.946 na
Blood , R na 0.034 Na na 0.457 na
Glucose (mmol/l;
parameters P na 0.785 Na na 0.002 na
Lactate (mmol/l) R na 0.619 Na na 0.234 na
P na 0.008 Na na 0.071 na

na= not applied



Table 2. Morphometric parameters, behavioural responses and glucocorticoids blood concentraSengegsiese sole juveniles
grouped according to gonadal development and risk taking (year 1 and 3). Capital letters indicates statistical {Ffer€n@gps

Variables Gonadal development Risk taking run 1 Risk taking run 3
Gametogenesis No gametogenesii Crossed  Not crossed Crossed Not crossed
Weight (g) 290.0+ 25.4 189.4+ 20.4 46.2+ 2.8 455+2.4 239.7+27.22  216.2+21.6°
Length (cm) 27.3+0.8" 23.5+ 0.7 15.0+0.3 154+ 0.2 25.1+0.8° 24.2+ 0.8
restraining-PCSj 0.74+0.28 -0.41+0.18 0.38+0.1% -0.18+0.1% | 0.53+0.19 -0.22+0.18
environmentPCSj -0.19+ 0.20 0.07 £ 0.16 -0.07+0.10 0.35+0.13 | -054+0.20 0.25+0.14
confinementPCSj  -0.34 + 0.16 0.49 £ 0.18 -0.54+0.16 0.04+0.04 | -034+0.1% 0.11+0.18
Cortisol (ng/ml) 35.70+ 10.5 70.60 £ 10.79 26.84+4.90 78.29+11.989| 3260+ 7.25 68.70+ 10.72
Glucose (mmol/l) 441+1.0 411 +£0.31 463+£090 4.04+0.33 50+1.21 3.98 £+ 0.29
Lactate (mmol/l) 19.70+ 1.2 19.74 £ 0.81 20.80+1.16 19.00x0.80| 20.92+1.32 19.20+0.76




Table 3. Morphometric parameters, behavioural responses and glucocorticoids blood concentrations of Senegabe=sessigrouped

by risk taking (runs 1 and 3). Capital letters indicates statistical differences (P < 0.05).

Risk taking run 1

Risk taking run 3

Variables

Crossed Not crossed Crossed Not crossed

Weight (g) 1303+ 111.4 1211+ 63.5 1232+ 91.7 1171+ 59.2

restraining-PCShb 0.38 £ 0.1% -0.18+0.12 0.53+0.19 -0.22+0.18

environmentPCSb  -0.07 + 0.16 0.35+0.18 -0.54+0.20 0.25+0.14
confinementPCShb -0.54 + 0.16 0.04+0.04 -0.34+0.17 0.11+0.16
Cortisol (ng/ml) 26.84+ 4980  78.29+11.9¢ 32.60+7.285 68.70+ 10.72
Glucose (mmol/l) 4.63 £ 0.90 4.04 £ 0.33 50+1.21 3.98+0.29
Lactate (mmol/l) 20.80+ 1.16 19.00+£ 0.80 20.92+1.32 19.20+ 0.76






