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Abstract

Releasesof hatchey rearedjuvenile European lobstehave been performed throughout
Europe since the ¥oentury.However,poorsurvivalin the wild reduceshe success dfoth
stock enhancement progranasid largescale seaanching Predation onreleasednaive
juveniles is substantialand presumably caused bpehavioral deficiencies due to an
impoverished rearing environmemhtbsters can recognize and discriminate between different
chemical cues and modulate their beha@ocordingly. This is assumed to alsothge for
odors related to potential predators. the present study, shelteseekingand competitive
behavior was investigated after a series of exposures tmia of predator odorsOdor
exposure wasypothesized to serve asform of habitat enrichmenacting & aninduced
predation pressuriacreasing thé o b s rhoévat®roto find andcompete foshelter.

Threeexperiments wereonductedn testenvironmers of gradually increasing complexity.
Behavioral assays on individualobstersin a small andrelativdy low-complexity test
environment indicated neffects of odor exposui@n shder-seekingor general activity level
In contrast when allowing forintraspecific competition in thesameenvironment lobsters
exposed tgoredator odors were significantiyjore adept at gaining dominancevident as
superior ability to wiragaistic interactions. The winneedso spenmore timein shelter less
time onroaming andlisplayed less freezing behavidhan the losing opponeniterestingly,
interactions were itiated by naive lobsters significantly more ofteartHobsters that had
experiencedpredatorodors. When performing a snilascale simulated release inraore
comprehensive and diverseminaturalenvironmentnaive lobstergitially performed better
than those exposed to predator odors. Howgetlee exposed lobstessgnificantly increased
shelter occupancgs the experiment progressexkr a 35day period whereas the opposite
was true for naive lobstershe results suggest thakete is a longastingeffect ofprolonged
odor exposurgbut it is only manifestedasalteredbehavior in the presence efivironnental
triggers Reasons for the apparent long term effere discussed, and is suggested that
prolonged exposure tpredatorodors may either positively influence behavioral plasticity
through chemical enhancement etevate thdobster®underlyingfright-relatedmotivationin
competingfor shelter Furtherstudies are needed to confian effect of odor exposure @n
more realistic release tsag, ideally performed as amallscale releasén natural lobster

habitats with predators preseatassesgaturalpredatoravoiding behaviar
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1. Introduction

Background
The European lobsteHpmarus gammarug is historically an important and economically

valuable speciesandhas supported a coastal fishery in southarmd western Norway since
the 17" century Boeck 1869;Appeldf 1909, in Borthen et al. 1998fficial recordsfor
landed catch aravaiable back to the 18204 andingsfluctuatedbetween roughly250 and
1.000 metric tonngyear, peaking att300 mtaround 1932up until the early 196G when the
stock collapsed Tveite 1991;Borthen et al. 19980ttermo et al. 2007)and landings
decreasedrom 700900 mt/year in the 1950s tess tharB0 mt/year in the late 19808ven
thoughlanded catclinaveincreased moderatetg 44-62 mtyear in 20052011 (Directorate of
Fisheriesstatistic$, the stock remains iwcritical condition compared tdistorical biomass
estimatesThis apparent lack of intrinsic stodlecovery despiteboth reduced fishing effort
(Ottermoet al. 2007)andtheimplementation of stct management legislation (Agnalt 2008
providesan incentive toeplenish the stock using hatsly reared juvenileas is done with a
wide variety of other marine invertebrates and fish spgdiesro & Bell 1997; Bellet al.
2005. Releases of postlarv@luropean lobsterdve been attemptesh numerous occasions
sincethe 19" centurybut have largly been abandoned dueambivalentstockenhancement
effects (Nicosia & Lavalli 1999. During the last 25 yeargefined $sock enhancement
programs focusing on release of older hatchiegyed juveniles have been initiated in
Germany France, Irelandthe United Kingdom and Norway Bannister& Addison 199%8;
Nicosia & Lavalli 1999;Gendron 1997 Agnalt 2008; Schmalenbach et al. 201hs a

response to overfishing or natural recruitment failure

The motivation to develop methoder successful release adldster juveniles ges beyond
stock replenishment.earanching of hatcherreared juveniles ign attractive commercial
concept and especiallyso in Norway given thdavorable legislation providing exclusive
rights to harveslbbsters withinlicensedarea (Agnalt 2008. The European lobster is a rather
stationary speciegnd released juveniles rarely ventéaefrom theirfi h o raee@Bannister

& Addison 1998 Moland et al. 2011Schmalenbach et al. 2011 whichin combination with
exclusiveharvestingrights should allow forhigh recapture rateslowever,low survivaland

slow growthmay limit the success of both stock enhancement progranads largescale
lobster seaanching although the potential to enhance a depleted local stock have been
shown (Agrlt et al. 1999Schmalenbach et al. 201



The behavior and ecologyf juvenile European lobster in its natural environment is poorly
understood (Howard & Bennett 1979ercer et al200]), much due to the cryptic nature of
small juveniles in the size rge of 540 mm carapace length (Clalso called theearly
benthic phasgEBP, definition for American lobsteHomarus americanysin Wahle &
Steneck 1992), andithgap in currenknowledge restrictthe ability to assesactualsurvival
and growth of relesed hatchery reared juvenilegan der Meeren 2005EBP juvenileshave
so far not beeround in the wild (Mercer et al. 2001xand essentially all information on this
part of the life cyclas attained from laboratoryandexperimental field studieBérrill 1974
Howard & Bemett 1979;van der Meererl991; 1993; 2000; 2001Agnalt et al. 1999;
Linnane et al. 2000; Ball et.&001; Mercer et al. 200Iprstad et al. 2001There is a better
ecological understanding of other decapod crustaceans,Aengrican lobster crayfish
(Orconectesspp, Astacusspp and piny lobstes (Panulirusspp Palinurusspp), with more
comprehensive data from laboratogndfield work available ortheir juvenile and adult life
stages.However, ommon forEBP lobsterds ther presumeddependence on shelteasd
vulnerability to predationwhere homarid lobsteris particularseemrestricted tostructural
refugiain early ontogenyBarshaw & Lavalli 1988Wahle & Steneck 1992\Vahle 1992;
Cobb & Wahle 1994t innane et al. @00;van der Meeren 2001

Post-release survival

Mortality from predation accounts for aonsiderablepart of the total loss in a release
situation, and maiy occurs shorthafter deployment intthe environmenf{Wabhle & Seneck
1992 Ball et al. 2001 Mercer et al. 2001)vith more than 10% estimated lasisservedvithin
the first hour(van der Meeren 2000Since survivalgenerallyincreases when juvendere
provided with appropriate cover (Barshaw & ledlv1988; Wahle & Steneck 1992innare
et al. 2@0; Ball et al. 2001Mercer et al. 2001Diaz et al. 2005)the strength oftteir shelter
seeking behaviottheir ability to rapidly find andettle inshelter upon release, is crucial for
subsequent survival. Furthermagr their competitive behavipri.e. capability to take
possession odnd defend a limited resourae competition withboth conspesific§Peeke et
al. 1998 Spanier et al. 1998 aille et al. 200RandothercrustaceaspeciegKoponen 2003
Rossong et al200§ sharing the saen microhabitgs, is important to rein protection
especiallyin scarcity ofshelters(van der Meeren 2005 Consequently, atng shelter
seeking behaviorral high competitive abilityvill result in instant fitness benefifer small

lobstersuntil they reach a sizess vulnerable to predatigWahle 1992; Spanier et al. 1998).
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Notwithstanding the ality of naive juvenilego find shelter in experimental settings (Howard
& Bennett 1979;van der Meeren 1992001; Linnane et al. 2000 survival from release
prograns hasgenerallybeenlow. The highest cumulativeecapture in a large scale European
release program was 6.2 percent over a span of 10 years at Kvitsgy, Rogaland2@@gjalt
A likely explanation is that hatchery reared juveniles lack the behavioratoepeequired to
cope witha novel ad highly fluctuating naturalenvironment(van der Meerer200Q 2005
Salvanes & Braithwaite 2006ern6 et al. 2011

Producing lobsters fit for release

Hatchery reared animals must possaskarncertain basiclglls to survive in the wildOlla

et al. 1998;van der Meeren 2003ernd et al. 2011), e.g. the ability to catch food, avoid
predation and compete for limited resourcBge rearing conditions in intensive hatcheries
where lobstersare kept individuallyin compartments offering fevwphysical orchemical
stimuli except for feedingare clearlydifferent fromthe wild marine environment. As a
consequenceanorphological and behavioral deficpessibly renderinghe juveniles unsuited
for releasehave been escribed for lobster as well as for a numberinvertebrates and
domesticated fish specieSvasand et al. 1998/an der Meeren 2003ell et al. 2005
Salvanes & Braithwaite 20Q06Lobster juvenilehave thussuffered high mortalitiesdue to
predation fom several specief/an der Meeren 2000ssumed to be caused by lack of

appropriate anpredator behavior

In the present studyndividually rearednaive juvenilesvere exposed towater fromtanks
holding three potential predator species inatemptto At r ai n o0 inbe®minguveni |
more fit for releaseCommunal rearing in spatially complex environmecdés be appliedin
attempts toreduce behavioral deficits such @sor predatomavoiding and maladaptive
aggressiviehaviorgJgrstad et al. 2008alvanes & Braithwaite 2005Although communal
rearing may be space demanding agle variable survival rateslepending onthe
developmental stag@itial size andstockingdensity(seee.g. Linnane et al. 2000; Jgrstad et
al. 2001; 2009Kristiansen et al2004), there is potentiaio stimulate development of a more
natural behavioral repertoiras shown for Atlantic cod@adhus morhuga (Salvanes &
Braithwaite 200%. Similarly, introduction of predator odots the rearing environment will
represent gorm of habitat enrichment in offering novethemical rather than spatstimuli to

otherwise sensory deprived animals
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It is well established that aquatic speatas be aversively conditioned to predator odor, e.g.
through pairing withconspesificalarm cus (e.g.Olla & Davis 1989;Brown & Smith 1997,
Berejikian et al. 298 Ferrari et al2006. However, for such conditioning to shoan effect
the stimuli must be refroducedin the testenvironments. At the time of release,a marine
environment charaetized by highly fluctuating biochemical compositiove donot know if
predator odorsare present above background levedsd effort is in fact made to release
juveniles in periods wdre predators are less activarf\der Meeren 2000 Hence, lobsters
scoul d be Atr ai nedo-seeking dnchcompetiive behavibrespectiveoth el t er
whetherpredator odors or alarm cuage present or not at tlexacttime and placeof release
Some level of pedator recognitionand avoidance are presumablghily preservedhrough
evolutionas innate abilitiegStein & Magnuson 1976¢Vahle 1992; Boudreau et al. 1993
Olla et al. 1998Berejikian et al.2003; Vilhunen & Hirvoner2003 Hawkins et al. 2004
Thus, habituationshould behighly specific towards pdatorrelated cuegHemmi & Merkle
2009; Raderschall et al. 2011), gmblonged exposur® predator odorpresumably increase

rather than suppressvareness towards any rHgésembling environmental disturbances

The role of chemical cues

An abundance oftadies o decapodspecies have establishédat chemical cuesan
modulatebehavior and association with the perceived presence of conspéBiicdreau et

al. 199% Karavanich & Atema 1998Nevitt et al. 200D prey Qerby & Atema; 1981;
Daniel & Bayer 198Y, specific habitats ortgelterproviding substrata (Boudreau et al. 1993a,;
1993k BrionesFourzan 2008Horner et al. 2006; 2008 and potential predators (Wahle
1992 Appelberg et al. 1993Boudreau et al. 1993&rionesFourzan 2009Gristina et al.
2011) Chemical cues are mainly perceived either by the olfactory or gustatory sensory
system(Derby & Sorensen 2008 but olfaction mediats more complex behaviors than
gugation (Atema 1977 cited in Derby & Sorensen 2008 Decapodsare also able to
differentide between complex odor mixtures and their single compon&ntanerFaust
1987; Daniel & Derby 1988 However documentation is scarce concerning the olfactory
capacity and the presence of chemically mediated behavi&@uropean lobsterThis is
especidly true for EBP lobsters, although the work of Nilsen (2007) indicated an ability to
modify behavior afteexposure to predator oddklbertsHubatsch et al. (201BIso showed

that newly settleduvenilescould differentiate between odor plumédl the same, gven the
similarities in anatomy and physiologpr clawed lobstersit is exceedingly likely that

olfaction is of similar impaiance for the European lobster.
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Aims of the study

In this study,a series ofexperiments were performed to assHss effe¢ of exposure to
predaor odors on the sheltseeking and competitive behavioof naive European lobster
juveniles (~1216 mm CL). In the first experiment it was investigated whether basic
individual behavior was affectedin a relatively low-comgdexity environmentwith bottom
substrate and ahelter but no other tactile, visual chemical stimuli Juveniles have a
predispositionfor an early life in shelteand for substrate manipulation (Howard & Bennett
1979;Botero & Atema 1982Wahle & Stenek 1992; Van der Meeren 1993001, Wickins

et al. 1996 JamesPirri & Cobb 1999;Linnane et al. 2000 ard the goal wago investigate
whether predator odor couddfect predatoravoiding and protective behaviors such as shelter
seeking, activity leveland digging activity

In a second experimemcusingon intraspecific interactionslobsters exposed anthiveto
predator odorsvere paired together arthd to compete foshelter. This represented a more
complex situatin since agonistic interactio@se presumablyimportant when competing for
limited resourcs (van der Meeren 2005If exposure topredator odors cammprove the
competitive behavioof hatchery reared juvenile lobstdrsyond that of naive individuatkis

may increaseheir survival upa release.

The longterm effect of exposerto predator odors is critical, sinpetential improvements in
lobster performanceare only transientf the improved behavior is not retainebh a third
experiment,exposedand naive lobsters werereleased i@ a seminatural habitat affer a
simulated transport stagend had to compete for a limited number of shelters. It was
investigated whether lobster performance changed overpirselease and if so, whether
the change could be explained by thelgmged exposure to predator oglofhis experiment
represented an tgraling of the smaltcale interaction experiment, further enhancing the
habitat complexity by allowing for multiplagonisticinteractionsand competition foshelters

in a more compremsive arena offering a diverse set of environmental impulses.

Exposure to predator odowgas hypothesized to serve as an artificially induced predation
pressure increasing the | obstersodrodncedtovati o
unfamiliar environmens of increasing complexityA perceved elevated predation risk has
beenshown to reinforceghe associatiorof naive juvenilesvith shelter(Stein & Magnuson
1976;Wahle 1992; Wahle & Steneck 1992; Castro & Cobb 2@&er etal. 2008; Brionez

Fourzan 2009Gristina et al. 2011), and iofluence shelter prefereneeslobstersmay settle

13



more rapidly but less selectively under the perceived presence of a pr@tatdreau et al.

1993; Gristina et al. 2000 Exposedobsterswere thus predictetb find shelter more rapidly

and have a stronger association with the shebenpared with naive lobsterBurthermore,
odorexposurevas predicted to raise the shetebwhener so r
this represented limited resource, anthus result in a strongegonistic response towards

conspecifis.
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2. Materials and methods

2.1 Experimental animals

2.1.1 Lobster juveniles

A total of 170 juveniles ofEuropean lobstewere purchased from the commerdialbster
hatcrery of Norwegian Lobster Farm AJNLF) at Kvitsgy, Rogaland (52 4 &N 9
05°2 4 ®B).9rheywereapproximately sixmonths old, and had been hatched and reiarad
temperature range of 1BI°C, with postsettlement rearing confinetb single celled
compartmats deprived of environmental stimulhll animals originated from the same
productionbatchhatched late in 201@\s they originatedrom numeroudocally wild-caught
berried femalesynidentifiedmaternaleffects (Huntingford 2004\ere considerechegligble
and any differencescomparedwith local wild stock should beattributable tothe rearing
conditions(Moberg et al. 2011)Lobsters had beefed commercially available lobster feed
(patented byNLF, manufactured by Nofima)but specific @tails onlight- and feeding

regimes prior to the experimentgleriodare unknown

Lobsters were transportéal Bergenin an icechilled polystyrene containeandbrought to the
Institute of Marine Resear@h (IMR) wetlab facility at Paisvatnet, @ygarde(60°3 7 BoMd
04°4 8 @M). Mortality and claw losgluring transporwas low with 1.18 and 2.35percent
transport losstespectively.The carapacéength(CL), correspondingo thedistance between
the posterior rinmof the eye socket arttie dorsalposteriormarginof the cephalothoraxwvas
measuredvith Vernier calpers to the nearest 0.1 mipelow (Table ). Lobsters werg¢hen
placed in rectangular single celled compartmemg9xX5 cm, Fig. 1) with numerous
compartmenton two larger unis, and randomly assigdeto one out of four experimental
treatmentyTable 1).The compartmentsonsisted of white PVC walls aral plastic mesh
bottomto secure water exchange in each compartneathunit wasplaced in 1rhholding
tanks with water at ambient temperature4.0-13.0°C, Appendix ). Lobsters wergiven 21
days ofacclimationto the lower temperatureghile preparing theexperimental infrastructure
andtreatmentprotocos. Light regime wadixed to L:12/D:12 for all groups with lights on
between 08.00 and 20.00ntil the ' of June when the correct light regime for the
experimendl period was introduced L(:18/D:6 for treatmert A and B, L:6/D:18for
treatmentsC and D) Table ). Lobsters were allowed furthecclimation until thestart of

Experiment Jon the8" of June
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Table 1: Overview of the main experimental treatments. & @D | (oBséers received odor exposureand
seawater in fixed intervalh  x EET A O. Aa O A anlyisdakateOlight GegirdeAvAsAnipéséd on
the 1st of June. There was a significant diffencein size (CL; meart SD between Summer simulations (A
and B) and Winter simulations(C and D) (¢ 8 wnt 5.6700.02 | b  6wherestite tBpndiner
simulations were significantly larger, butno differences werefound within Summer or Winter simulations
(A vs B: t=-1.624, p=0.37; C vs D: t4.229, p= 0.61, respectively)Consult Fig.2 for acomplete overview
of the experimental setup

Water flow
(I/min)

Experimental No. of QL (mm)
treatment lobsters meanzD

Predator Lightregime Tank Water
odor no.  volume ()

A
(Summer [PIS 14,362 | Evposed | L:18/D:6 5 300 9.210.2
1,50
simulation) ’
B
(Summer 42 L 50n Naive L:18/D:6 2 300 9.2-10.2
1,47
simulation) '
= 13,09+
(Winter 40 DO Exposed L:6/D:18 4 300 9.210.2
1,23
simulation) ’
L 12,71+ ) o
(Winter 40 104 Naive L:6/D:18 3 300 9.2-10.2
simulation) '

Figure 1: Cell unit with numerous single cells containing lobsters (Photo: H. Trengereid)

From arrival on the 18of May until the 16 of July lobsters were held in the indooetlab
facility and manually fed2-3 pellets ofcommerciallobster feed every fourth dajfeed was
never distributed whildobsters were exposed to predator odMsrtality in this periodwas

low and related either to problems with ecdysis ag a result of cannibalismvhen large
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juvenilesmanaged teenter the compartments of stealones Dead lobsters were removed

continuowsly, and single celled compartments and holding tanks cleaned in weekly intervals

Since both injury and moltinganaffectbehavior Lipcius & Hernkind 1982Juanes & Smith

1995 lobstersthat lacked claws or had recenttyplted wereremoved from the expenent

and stored in tank 1 (Fig. .ZJwelve lobstersdied orwere removed in the period between the

8" and 29" of June Only apparently healthy intermolt juveniles were used in shisly, and

claw dimorphism was evident in all lobsteBetermination 6the sex and moistagein small

juvenilesis not possiblewithout sacrificing the animdAgnalt IMR, pers. comn), and was

not done sincéobsters were needed later experiments

2.1.2 Predators

Predators were caugleast of @ygardewon the 2" and 3 of June Green crabs(Carcinus

maena} were capturedvith commonMalgy pots, while cod(Gadus morhupand Ballan

wrasse(Labrus berggylta were capturedn trammel netsGreat care was taken to avoid

significant sheHlloss or gilldamag tothe fish wha loosening thenfrom the trammel nets.

Each speciewerekept in separate tank$able 3, andthree bouldersvere placed in theod

and wrasse tanks to adedme habitat complexity. HBE wrasse tank also contained black

plastic strips as artificial seawe€ellemperature was continuously recorded with an automatic

data logger (ELUSB-1-PRO), and @levels measured once a day (Oxyguard Handy Polaris 2

calibrated to 33 ppt)The water hal ambient temperature (318.0°C, Appendix1), andthe

oxygen saturatiomvas stable, ranging from 90 to 100 percent saturation over a time span of

55 days for all tanks coaining animalsPredators were fedd libitumwith pelleted fish feed

once perday (22.00 (Skretting Amber Neptune 130fdixed with raw paenaid shrimand

then frozen) Predator tanks were cleaned of feces and excesofesdper day

Table 2: Details onthe predators used in thisstudy. Light regime for predators were L:14/D:10, with
lights on between 10.0000.00. *Carapace widthNA= not available.Conslut Fig.2 for overview.

3 47.0
5 24.2
7 7.7*

1172

284

NA

190-200

190-200

4555

8.811.2

6.8-10.0

4.47.2

All day
yearround

Diurnal,
mainly summer

Nocturnal,
year round
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Three predator species were used sincestuoly concerning differential spgesspecific
predationhas beerperformedon EBP Europearniobsters thus it was not possible fwredict
which predator wouldhave the bestgvential to elicit aresponse itbehavior. Thereforegdors
from known predators igeveral fiedl studiesvere choserfWahle & Steneck 1992jan de
Meeren 2000; Ball et al. 200IMMercer et al. 2001 Also, there arediel and seasonal
differences in the activity pattern of the three predgfbable 2, an der Meeren 20Q0®all et
al. 2001, this being important aslbsters were exposed to predatdors both during the light
(treatmentA) and dark phas@reatmeniC, Table 1)simulatinglight conditions in thesummer
(August) and winter(December,) respectively To add further authenticity to theimulated
predation pressure, tleelectedpredatorsare naturally foragingin a range oftypical release
habitas (cobble, gravel, sandvan der Meeren 200®all et al. 2001 Mercer et al. 2001

L6/D:18

L:18/D:6

Figure 2: Overview of experimental setup (wetlab facility). Red color represents predator water and its
direction, brown = drains, dark blue = water intake through pipes from a common reservoir. Experimental
tanks are numbered 1 through 10Tank 1: Miscellaneous. Tanks 2 to 5: Lobster tanks. Tank 6: Collection
tank for predator water. Tanks 79: Predator tarks. Tanks 10 and 11: Observation unitd.ight regime for
tanks 2 and 5 are L:18/D:6, and L:6/D:18 for tanks 3 and 4.
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2.2 Experimental infrastructure and odor exposure

The experimental system consisted of four tamks withlobsters(2-5, Figs. 2 and 3, one
elevated holding tank for each preda@+9, Figs. 2 and 3, and one tank for collection of
predator water (6, F&g 2 and 3. Two 50 liter trays were used asbservation units for
behavioral assay40, Figs. 2 and 4, and one backup tank was instdller miscellaneous use
and storage of damaged lobsters (1, FigAl)tanks containing animals weset up as flow
through systemsvith water inflow bygravity from a common reservoir. Water from three
meters depth (west of Nautnes, approximatelS86DZoM 04°4 7 @B) assed through a
macrogrid to remove large debris, followed byumtfiltration ( 2 0 ) befare reaching the
reservoir.This providedhe system with one common water quakBjobevalves allowed for
fine-tuning of water inflow at the tanlevel, butperiodically unstablgressure in the pipes
supplying water to the systegavesone fluctuations in water inflow (Table 1 & 2).

Lobster treatment tankg and 5, Fig.2) received water containgithera mix of all predator
odorsor freshseawser in fixed intervals Table 3, while the control tanks (2 and 3, Fig.2)
had only continuous inflow of seawat@reliminary trialsindicatedthatwhile short exposure
times seemed to have effect orshelterseekingwhereadong pulses idicated someffects
(Appendix5). In addition habituation (Hinde 1966) has been shown to occur rapidly after
exposure to stimuli of short duration in repeated intervals (Daniel & Derby 1988).
Consequently, igdator odor was delivered as approximately 15 hour lorgepudt a rate of
9.0-11.5 I/min, with no pulse intermittencyn the nine houperiod between odor pulses no
predator water was led into the lobstezatmenttanks but circulationof fresh seawatein

both predator and lohest tanks wasnaintained

Exposure topredator odawas confined to the light phase foeatmentA and dark phase for
treatment C (Table)3 To assess the effect of odor exposure alone, it was important that
lobsters did not learn to associate predator odor with handling (i.e.\ahgrsonditioned to
handling). Therefore, odor exposure endeghproximatelyone hour befar starting the
observation trials to avoid bnk betweenpredator odorsaand handling proceduredlaive
lobsters (treatments B and Mllowed the same light regimend test protocol but did not
reeive olfactory stimuli Since a realistic release would generally have been performed in
daylight, all observationsvere carried outin the ligh phase. hie photoperiod was not
interruged for any of the treatments sin¢e shift from darkness to lighbok graduallyplace

through a 30 mirrepusculaperiodto avoidabrupt changgin light conditions(Table 3)
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Figure 3: Tank setup (flow through system).Upper: Summer (left) and Winter (right) lobster tanks.
Inflow regulated with globe valves and volume fixed to 300 | through a lateral standpipe. Lights controlled
by automatic timers. Lower: Predator tanks and collection tank for predator water. From the left:
Elevated tanks for cod, wrasse and crab. Water was descending dravity to the collection tank, and
further into lobster treatment tanks (see also Fig. 2jPhoto: H. Trengereid)

Table 3: Experimental treatment protocol. Predator odor was delivered in 15 hour long pulsesSee Fig. 2
for tank identification. NA= No alor exposure.

5 L:18/D:6
2 L:18/D:6
4 | L:6D:18
3 L:6/D:18

06.00- 00.00

04.00-22.00

15.30-21.30

17.30-23.30

00.00- 06.00

22.00-04.00

21.30-15.30

23.30-17.30

06.30

NA

00.00

NA

2130

NA

15.00

NA

2230

20.00

16.00

18.00
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Preliminary observations indicatatiat exposure in the light versdark phase would yie

different resultsfor shelterseeking behavior (Bpendix5). In addition, \an der Meeren

(2000) found thatsurvival differed between seasons and recommended\egtigr releases.

To assess whether odor exposure in the lighiramer simulatiors 0 ) andintdrar k (F
simulatiorso ) phase would af f photoperidewasinciuded asdicd f er e
effect on exposure to predator odorebkters wer¢hussubjectedo light regimes simlating

conditions in August and Decembem order to reverse th photoperiod for winter
simulations(C and D,Table3) but still keep the room illuminated as requifedobservation

a permanent framework covered with black opaque plastic was built over the designated
wintertanks (3 and 4, Fi@; Fig. 4. Lampswere positioned approximately 50 cm above each

lobster tank, giving light intensities in the range of -0 lux at the water surfageneasured

with Lutron LX-101 luxmeter) The lamps were connected to auatic timers and light
dimmersenalling a precise photoperiodic control and a gradual shift in light conditions

The observation unitsised for observation of lobstengere made in two 5Gter (50x40x25

cm) transparent plastic containgsig. 4) each filled with approximately=2liters d water at
ambient temperature. Bottom substrate was four liters of washed shell sand, and two cobble
stones represented a simple thd@aensional sheltewith one semflattened stone supported
against asmall brick creating a creviceCobble stones werselected since juveniles prefer
cobbleproviding habitat§Wahle & Steneck 199Zobb & Wahle 1994Linnane et al. 2000).

The shelter was placed about 5 cm frahne tankwall to prevent lobsters dm accidentally
encounteringshelter when roaming alongehankwalls. Light intensityat the water surface
ranged between 115 to 130 lux. Aamera(480 TVL-PAL) was mountedapproximately 30

cm above the water surface anrg

connected by hardwire to a
computer in an adjacent roo
Geovision GV1120 surveillance
hadware was used for videc

recordings.

Figure 4: Observation units used for
behavioral observations in Experiment
1 and 2. &elters placed at the far end
while lobsters were introduced at the
opposite side. (Photo: H. Trengereid)
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2.3 Experiment 1 ; Indivi dual behavior after prolonged exposure to

predator odor s

To investigateeffects ofodor exposuren the basicbehavor in absence of environmental
disturbances, individudbbsterswere observedn a relatively low-complexity environment
absent of tactileyisual and chemical stimulbove background levels, except fasttom
substrate and a simple thrdenensional shelteEmphasis was put on predat@voiding and
protective behaviors such as shekieeking, activity leveland digging ability Each lobger
was observedour times(after 4, 8, 12 and 16 days in treatm)esitice it was unknowif or
when the effects of odor exposure wowler behavior, and whether the effeatvould
intensify or diminish accordintp duration of exposure.

Throughout thigext, treatments A and B willbe e f e r r sudhmdrsoimulatisn® i whi | e
treatmeh s C and D a wietersinuiatensr. e dI hti s teeasmeriisdiffesed s e
based orlight regime (Table 1 & 3) simulatingght conditions inthe summe(L:18/D:6) and

winter (L:6/D:18), respectivelyln addition, lobsters exposed to predator odors are referred to
as 0 E x andlesbstatsnot exposed to odoeferredtoas A Napuveo.

2.3.1 Experimentaldesign

Experiment 1was performed in the indoor whtb faclity and lasted from the"8to 27" of
June.Forty juvenileswererandomly allocatedo eachtreatment(Table 1 and B Since it was
not possible to observE60 lobsters on daily basis, each treatment wdivided into four
subgpoups (n=10)In this way the daily number obbservationsvas reduced from 160 (40x4)
to 40 (10x4), wherall four treatmerg wererepresented by one subgroegch dayFig. 5.

Since behavioral assays were scheduled after 4, 8, 12 and 16 days of exposure, it was
important thatll lobsters were exposed to equal durations of predator odors. Keeping in mind
that only one subgroup from each treatment was observed daily, the subgroups had to be
introduced to the treatment in consecutive order, and they were numbered 1 through 4 (Fig
5). To illustrate, Subgroup 1 (Al, B1, C1 and D1) was introduced on 08.06baads/ed the

first time on 12.06after four successive days in treatment. The next observation on Subgroup
1 wasthen performed on 16.0@&Gfter eight days in treatment, and so dhe remaining
subgroups were transferred the following three days with one dayagr@ig. 5). Thus, on

11.06 all lobsters had been relocated from the large units to smaller ones, and upon the first

observation trial the following days they had all iged four days of odor exposure (Fig. 5).
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Initial placement of lobsters - on twoe large units:
Tank 2; Summer treatments (A and B)
Tank 3; Winter treatments (C and D)

Tank 2 Tank 3
Treatment A | Treatment B Treatment C | Treatment D
Arrival (18.05) [ [Nn=40 n=42 n= 40 n= 40
Li12/D:12 [L12/D:12 Li12/D:12 | 12 /D:12
Setup finalized ::> L18/x6 |L18/D:6 LL6/D:18 | L6/ D:18
(01.06)
Transfer date Tank 5 Tank 2 Tank 4 Tank 3 Test dates (June)
DE.06 |::> Al, n=10 B1, n=12 €1, n=10 D1, n=10 |:[>12,15,2n,24
02.06 o> |A2 n=10 B2, n=10 €2, n=10 D2, n=10| [ 13,17,21,25
10.06 |:£> A3, n=10 B3, n=10 €3, n=10 D3, n=10 |::> 14, 18, 22, 26
1106 [ [A4n=10 B4, n=10 c4, n=10 D4, n=10| 3= 15,19,23,27

Final placement of lobsters - on four smaller units:

Tank 5: Exposed, Summer
Tank 2: Naive, Summer

Tank 4: Exposed, Winter
Tank 3: Naive, Winter

Figure 5: Events prior to start of Experiment 1: Lobsters arrived on 18.05, ahwere initially placed intwo
tanks on two large units. The experimental infrastructure was built between 18.03 01.06, and when this
was finalized on 01.06, the correct light regime could be introduced. Four days before start of testing
(08.06), one subgroup from each treatment was transferred to the smaller units. Remaining subgroups
were transferred during the following 3 days in the same way, so on 11.06 the large units were empty and
removed. One smaller unit (shown in Fig. 1) remained in tanks 2, 3, 4 and 5, with the treatments now
separated into four subgroups.

2.3.2 Behavioral assays

To assess whether there was any geannbehavioraccording to the duration @xposure
(number of dayspehavioral assaywererepeated every fourth dayhus each lobster was
observedfour times ina 16 day timespan In the threeday intervals between each trial
lobsters were not haretl, with feeding being the only direct external stimuli apart from

minor unavoidale disturbances whewsther subgroups were tested.

Two lobsters from the sameeatment(and subgroup) wenemoved from their single det
compartments and placed in sepagcclimationchambes made from black PVC pipe sealed
in one end by fine black mesthus preventing visual stimulatievhen moving lobster® the

observation units. dbsters were submerged individually the observation units opposite
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from the shelteandrestrained in the chamber for one nimbefore starting the assay. After
starting the video recording session, the containers vaedfully removed andhe observer
movedto an adjacent room to preweany visual disturbancés field studies haveh®wn

that predation usually occurs within 15 minutesan der Meeren 200@all et al. 2001,

Mercer et al. 2001), thelbsterswere allowed to move freely within the arefioa exactly15

minutes, after which thewere placed in the chamber and returnedhr single celled
compartmerg. After each assay trghelter stones weneset to their original positiorand

any entrances or other structures made by the lobsters were destroyed. The water was changed
between tegtg of eachireatment(Table 3)and tle substratum and shelter stones washed

running water for approximately 30 minutes

During the 15 minute observation period the behavior of the lobster could be grouped into
several categoriegd able 4 Fig. §. Due to small lobster size atichited video quality other
behaviorsas e.g.artennuleflicking andpleopod fanningAtema & Voigt 1995)could not be
adequatelydistinguished in this settingPleopod fanningwas occasionallyobservedeither
briefly when te lobster was digging ithe tank corners or indirectlyas outflow of debrisat
the shelter entrangebut t was notpossible ® record accurately since lobstemnainly

exhibited this behavior whezovered bythe shelter

Descriptions in Table 4 covéne complete span of behavioral categsithat could readilige
observed in thissetting. Categories weredefined based on preliminary observations of
lobsters in aimilar environmentAppendix 5), and represented a way of dissecting behavior
into observable units (Huber & Kravitz 1995) that could be amal\separately. Classification
of adaptive/maladaptive behavior was based on its presumed importance in nature, where
behaviors related to predatavoidance, like shelteseeking (rapidly find shelter), a strong
association with the shelter once foumal dccept shelter and dwell within it during the day)
and shelter manipulation (construction of entranceseabpienings and a tunnel systemgre
considered adaptive. Although the testvironment restricted tunnel buildinfpbsters spent
time to excavatea burrow and build entrance&ccording toBerrill (1974) andBotero &
Atema (198) EBP lobsters have preference for tunnel building in association with stones
and shelteproviding objects. The observed burrowing behavior presumedpyeserdad

attemps of tunnel buildingand was regarded as adaptive.
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Table 4: Behavioral categoriespresent in individual observations Time-to-event is recorded when a
certain behavior is observed the first time. The duration of a behavior is the total time spent exhilvig
that behavior. Frequency is the number of times a specific behavior is displayed

Timeto- | Time between release from chamber and the fosmplete entering
event into shelter, defined as disappearance of the telson under shelter wh
entering headfirst, or the rostrum when backing into shelter.

Duration | Time spent inside shelteincluding time when a lobster wadbserved
digging inside the shelter.

Frequency| After entering a shelter lobsters udiiastarted diggingntrances at the
opening of the shelter, mainly by shufflingt@ubstrate with their claws
(cheliped shuffliny andto create aburrow in which they place
themselves.

Duration | Time spent moving around the test arena, typically walking along the
edges of the test arena and occasionally in the center. Walking spee
was highly variable.

Frequency| Lobsters were climbing on the walls irettest arena. A climbt&empt
wasRSTAYSR Fa | YAYyAYdzy 2F KIf¥F
with the claws stretched upward.

Duration [[ 20 aUSNE 6SNBE 20aSNBSR (2 rfafer
which it often placedtself in the burrow. @tside digging bedwvior was
recorded when it lastefbr 10 seconds or longer.

Duration | Lobsters remain motionless in one position for 20 seconds or longer

Lobsters readily walld and stogedin short intervals, but these stops
rarely exceedd 10seconds.

el T

ra R

Freezmng

s

Digging outside ————| Climb

., -
", A

Figure 6: Observation unitwith depiction of the observed behavior. See Table 4 for complete description
of the behavioral catgories. Arrows indicate the observedshifts in behavior. After finding shelter, the
lobster would generally either remain in it (accepf) or leaveshortly or after S3 minutes.
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In thepreliminary triak essentially all lobsterscated the shelter at some point, butmerous
lobsters refrained from eniag, or even attempting to do,sendwould either roam around

for a prdonged amount of time, display freezing behavior, or start to excavate a burrow in
one of the tank cornerBrolongedoaming s omet i mes r ef ed(Mebregnst o as
et al. 2005)jncrease conspicuousness as exposure in open areas can attrato g éda der
Meeren 1993; 2000 In addition, lobsters are mainly nocturnally active both in the wild and
in experimental settings and stay in shelter during the dawton 1987 Karnofsky et al.
1989; Mehrtens et al. 2005). Consequently, roamiag cosidereda maladaptivebehavior
Conversely, feezingis a well-documentedoredatoravoiding strategyeffective in avoiding
visual predatorsJohns & Mann 1987Vilhunen & Hirvonen 2003; Zhao et al. 200&nd
given that some lobsters wereexposed topredadr odors freezing would generally be
considerechdaptive Neverthelessin this particularsetting,wherepreliminary trials showed
thatbothExposed and Naive lobstatsplayed freezing behavior, and considering shetiter

was readily availablewithin a confined areavith no competition, it was not regarded as
adaptive Moreover, lobsters have an innate preference to excavate the substrate, also in
habitats like shelfand or mud where no pexisting shelters are presektojvard & Bennett
1979; Botero& Atema 1982; Pottle & Elner 1982In preliminary trials, @yging behavior
outside sheltewasreadily observedndmost likely the initial phase of an attempthuild a
burrow or tunnehcting as shelteHowever,asthe construction of shelter thesesubstrates
takes several hour#oward & Bennett 1979Botero & Atema 198Pthis behavior was not
considered adaptiverhen lobsters hadaccess ta suitablepremadeshelter Climbing the
tank-walls can be viewed as stereotypic behavior inducectcdryfinament in a small and
enclosedtestenvironment as can theapparentpreferenceto roam along thdank edges,
which may also be reinforced by the positive thigmotéRistero & Atema 1982present in
lobster juvenilesThese behaviors are considered malat@pin an expemental setting as

they may displace predataroiding behaviors.

2.4 Experiment 2 ; Effects of prolonged odor exposure on intra -specific

interactions

To study the effects of odor exposure on wdpecific interactions, Exposed and Naive
lobsterswere paired together to compete for one sheltee iRclusion of environmental
disturbances in the form of interactions and direct competition enhanced the habitat

complexity.
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2.4.1 Experimental design

The studyproceeded directljnto the secondexperimentthat was performed on the #&nd
29" of June.The experimental desigmassimilar to Experiment lconcerning tank setugnd
lobsters remained ithe same experimentaikatmentgsee section 2.and Table 3), buslight
modifications were @de to the treatmeiirotocolto accommodate the need to trial Exposed
and Naivelobstergogether.

Lobsterswere size matchedo avoid size dependent bigatema & Voigt 1995 Vye et al.
1997 (CL, mean + SDtreatment A: 14.1+1.@ersus treatment B139+1.5 (t= 0.41, p=
0.98); treatment C130+1.1 versus treatment D128+1.2 (t= 0.44, p= 0.9)). Both the
Lobsterswere marked with solvent free correction fluid on the dorsal carapace (RRITT
method also used by Peeke et 2000 without any reportetharmful effects. Both Exposed
and Naive lobsters were markexgreventpossibleconfounding effectérom the procedure
when only marking one group@ cottonswab was used twipe the carapacdry, after which
the lobster was marked with one or two pdiiiss and the fluid hardenethdividualswere
marked athe grouplevel threedays before the istaction assays were performédbsters
were exclusively paired withirhe summerand winter simulations(Table 3)to isolatethe
effect of predator odoysindlight regime was includeds coeeffectto investigate whether the

behaviordiffered based ophotoperiod

2.4.2 Behavioral assays

The test proceduresere identical to the single trigtggerformed in Experiment (see section
2.3.2), with the exceptia thatone Exposed and one Naive lobstasplacedtogetherin each
observation unjtand given 20 minutes to settle and interathteraction tests were only
performed once for each lobstafter a totabf 20 days in treatmengince interations have
been shown to include chemical signalird least formale adult lobstergKaravanich&
Atema 1998, the water was changed between each &l the shelter stones scrubbed in

running water

Additional behavioralcategoriesesideghose fo Individual behavios described in Table 4
were defined for analysis of the rteractios (Table 5. These categoriesvere with some
modificationsbased omitema & Voigt (1995)Huber & Kravitz (1995 and Gherardi et al.
(2010) The focus wa®on agonisticinteractions and behavior related to shelter and general

activity level, as the intention was to determitiee effect of exposure tpredator dors on
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competitive behaviorDominanceis establishedhrough aggressive encountditduber &
Kravitz 1995; Karagnich & Atema 1998Skog 2009, but alsothe possession and defense of
shelter can representt measureof social dominance(Peeke et al. 2000 Therefore, a
distinction was mde betweennteractionswhich entailed aggressive or submissive displays
or physcal contact,and hdividual behavios where lobsters did notisibly interact. The
behavior of both opponentsas analyzed to quantify each of thehaviors listed below
(Table 3, afterwhich lobsterswere categorized as eith@@minantor submissive

The Interactioncategories were scored froia to +2, with 0.5 pointncrements, in order to
obtain an aggression score. For each trial, scores fralmagonistic interaction were
summarized for both participants. Certéehaviorswere clearly morepoweriil indicators

than othersthus direct interactions were scored based omn #pparent strength relative to

the opponentCategories were classified as either aggressive or submissive, e.g. various forms
of approach or threats versggveral forms of retat Generally, aggressiveisplaysor

encountersvere observedhortly afterintroduction to the observation unit

An approach of one or both opponents towards each other represented the most subtle form of
aggressive behavior (+0.5), followed by thrdat s pl ays ( Amer al spreado,
exhibited by both opponents before a dominance relationship had been established, and
typically either escalated to futlontact fighting or the retreat of one or both opponents. In
addition, i me obsetved drequeatly cfter owea Isbster had clearly gained
dominance, in situations where the opponent approached or was in its close vicinity, resulting

in some form of retreat by the opponent. Lunge attacks could be seen as a faster and more
motivated appach/attack towards an opponent, often with claws stretched upwards and
outwards (+1.5), which always ended up in either-dolitact fights or the retreat of one
individual. The lunging lobster was sometimes observed to chase a retreating opponent with

its claws outstretched (+1.5). The most powerful aggressive behaviors were those of the
Afighto category, whi ch encompass elike ciaw | act i
movements directed towards the opponent (+2 per strike). Lobsters couldnbie s@dent

ful-cont act fights, where they both displayec
generally of short to moderate duration (O

eventually retreat to the opposite side of the tank.
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Table 5: Bags for calculation of dominancescore ininteraction trials . The categories werepartly based on

Atema and \6igt (1995), Huber and Kravitz (1995) and Gherardi et al (2010). Nature of behavior

describes whether it is considered positive/aggressive, negative/submgsve or neutral in order to

establish dominance.Instant events are recorded each timea certain behavior is observed except for

O&ET A OEAI OAO6 xEAOA EO EO OACCE O dQrtoiidthe tofalkine spaath 1 1T AOO
exhibiting that behavior. The score represents the value of each observation.

Individual behaviors
Positive Whether a lobster finds shelteSee Table 4 Instant +1

Positive Time spent inside sheltedwelling, digging or | Duration | +0.5/min
engaged in interactions with an intruder.
Negative | Whether a lobster leaves the shelter unprovoke| Instant -0,5

Negative | Time spent roaming arad the tank Time spent | Duration |-0.25/min
digging outside, freezing or interacting is
subtracted to attain the correct duration.

Neutral Digging in one of the tank corners. Both aggres| Duration | 0/min
and submissive lobsters dug outside the sheltel

Neutral A lobster emained motionless for more tha2D | Duration | 0/min
seconds.

Interactions

Aggressive | Slow/moderate @vance towards an opponent. | Instant +0.5
Aggressive | Aggresive claw display (meral spreadws Instant +1
stretched outwards and/or upwards) in the
vicinity of opponent.

Aggressive | Rapid advance/attack against opponent with | Instant +1,5
claws outstretched.
Aggressive | Pursuit of a retreating opponent. Instant +1,5
Aggessive | Pull, push, punch, grab or strike towards an Instant +2
opponent in amattempt to displace or harrit.
Aggressive | A lobster takes over the shelter without resistan Instant +2
from the lobster holding shelter, or alternatively
pulls it out by force.

Aggressive/| One or both claws of opponents interlocked, Instant +1/-1
Submissive | followed by the retreat of one opponenkRositive
score to the winner, negative to the loser.
Aggressive/ | Fight to gain contrbof shelter where opponents | Instant +1/-1
Submissive | stand headfirst inside the shelter, occasionally fi
a prolonged amount of time, followelly the
retreat of one opponent. Positive score to the
winner, negative to the loser.

Submissive | A lobster moves®r turns away from an opponent| Instant -1
Submissive | A lobster moves quickly away, either by walking Instant -1,5
rapidly or beating the taibnce, e.g. when startlec
or held by an opponent.

Submissive | Leares the shelter without &ight, or is forcefully | Instant -2
pulled out by the intruder.
Submissive | Multiple contractions of the abdomen to quickly| Instant -2

propel a lobster away from the opponent.
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Three categories were mutyaéxclusive, in that they hadraadily recognizablevinner and
loser. When opponentshad one or botlclaws interlocked occasionally for a prolonged
amount of time,making it difficult to observeeach indvidual actionit was recorded as

i h o | dBventgally, the retreating lobster svgiven a negative score and the winner given
a positive scorgxl, Table. 5. Similarly, when opponents were standing héest into
shelterfrom opposite sidesither becausanintruderhad challenged theesidentiobsteror if

both entered simultanesly, their movements could not be observed. This measrded as
Afighting iamds Helbtsdred s wer el, Fable h. &idallyaisa f or
residentlobster waschallenged andubsequently gawup shelterwithout defending jtor if

the intruding lobstempulled it out by forcethe intruder had evicted the residemponent.

This clearly represented strodgminance/subordinate behaviors and were scored accordingly
(2, Table 5)After these interactions the loser generally retreatesd/dwm its opponent.

Submissive behaviors consisted of various formgeatfeat The mildest form of retreat
(avoiding ormoving away,-1) could beseen in both opponents before dominance had been
established. After one lobster had gained dominahowever, the submissive individual
generally retreated op each subsequent approaathout physical contact beingbserved
Threat displays was also observed to trigger a retreat from the subnmskweual A rapid
retreat {1.5), dassified as either vildng rapidly/o r u n raway fgoin an opponent or beating
the tail orce to escape the grasp of a claw or when startled from hetiasl typically
displayed by submissive lobsters when they were ldingmn or chasedrhe most powerful
indicator of subdominance was taiflip escapes-@), which was generally observed either
after violentfull-contact fightsor if a submissive lolber was attacked, andaybe considered

a last resort escape to avoid serioyjsry.

Individual behaviors were included to dedwiactivities when there we no interactions, and
as for hteractions theyvere summarized to ptou c e an 8 ic .dTfEege cdtegaries
were focused mainly on behavior related to shelter, as the acquisition of shedsamtial for
juvenile lobsers and also asign of socialdominance (Peeke et al. 2000). Hdvehaviors
were also scored based on their presumed significance in nature. Thus, lobstejisvevese
positive scoravhenfinding shelter(+1) and forremairing in it/defendng it from anintruder
(+1 per minute)and a negative scoré they voluntarily left the shelter to roam around the
tank (-1). Digging activity insideshelter wasnot recordedsince lobstersshowed highly

variable digging behavior that seemed much less motivated nhiadividual observations.
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They were primarily observed to either dwell (lie stiiside or guarding the entrancas the
opponent frequentlyppamed asund and approachede shelter.

Roaming, diggingoutsideshelter and freezing behavior wareludedas a measer of the
general activity level. Roaming around the tamkt attemptingo takepossession oghelter
was given a negative scorsince high activity levelsincrease conspicuousnesévan der
Meeren 1993; 2000 Digging behavior displayed outsidgelter wasrarely observed and
considered neutrads both aggressive and submissive individuals sfwwhis behavior
Freezing were clearly more common in submissive lobsterstdmated to display prolonged
freezing after repeatedly losing fightslowever, they werealready penalizedfor being
submissive bya low aggredsn score, and freezinghay be viewed as the least negative
behaviorof a submissive lobstén anexperimental arenaeniedboth protection from shelter
and apossibilityof escape. Otside digging and freezing contributéal the indirect score only
by adjustingthe time allocated to roaminge. they both had a weak positive effect

2.5 Experiment 3 ; Long-term effect of exposure to predator odors

Exposed and Blive lobsters were releaseito a seminatural habitat after a simulated
transport stage, and allowed 35 days to compete for a limited number of shelters. It was
investigated whether lobster performance changed overpirsgelease and if so, whether
the change could be explathby the prolonged exposure to predator eddhis experiment
represented an tgraling of the smaltcale interaction experiment, furthenhancing the

habitat complexity.

2.5.1 Experimental design

The smaliscale simulated release experimemas perforred outdoorsrom the 168" of July to
14" of August with two 4m® (2x2 m) tanks used asest arenas. Bottom substrate was
approximately 45 liters ofoarseshell sandand 30 singlegreat scallop (Pecten maximys
shellswere usedas sheltes (shell diamete meant SD: 11.98 cmt 1.58. To reducewater
turbidity the sand was washddr approximately 24 hours toemove the finest grained
paticles Water volume wathenfixed to 1600 liters through central standpipe covered with
thin plastic mesh to preverescapeswith a constant water flowf approximately 14 I/min.
Water quality and origin wasqual totanks in the wetab, and ambient temperature was

continuously recorded with an automatic data log(.018.0°C, Appendix 3. Small
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meshed black netserestretched oubver the tanks to reduce direotposure to sunlight, and
limit large amount of instant freshwater input from precipitat®ath light regimeand light
intensity at the tankurface varied naturally, witthe photoperiod forParisvatnetranging

from approximatelyL:21.5/D:2.5 on the 18 of Julyto L:17.5/D:6.5 on the 14' of August

(sky calendar. Light intensity on a cloudless summer day with no precipitation or exposure to
direct sunlight was in the range of 80A@000 lux at the watesurface beneath the nethe

light intensity hasa wider range depending on weather conditions,86000 12000 luxwas
representativéor the light intensity in a variety of weatheonditions

To promote ompetitionthe shelterto-lobster ratio wasedected to 0.5. When limiting the
number of availablsheltersExposed and Alivelobsterswere forced to compefer a limited
resourceas in thesarliersmaller scale interacin experimentsTo investigate whether any of
the groups were superior in thesheter-seeking and competitive behaviprand if post
release performance changaeker time, samplingsere performed three times during the 35
day experiment; on thee" and 3£ of July and the 1% of August, corresponding to 6, 2hd

35 days afterelease.

The treatment protocol was modified to some ex(@able 6)after the end of Experiment 2
(30" of June) mainly to accommodate regular working hours for the stafParisvatnet.
Animals did not experiencéandlirg or other outer stimuli excepgor feeding every fourth
dayuntil the 9" of July, when exposure to predator odors ceamed lobstersncluded in the
release experiment were individualiparked with visible implant elastomer (VIE) tags
(Uglem et al. 1996 Clark & Kershner 2006 Liquid elastomer was injected with a
hypodermic needl€0.55 mm)in the ventrolaterainusculaturearound the fifth segment of the
tail. Care was taken not to damage surrounding tisswk to prevent EEhing when the
syringe was retractefdom the tissueThis method was chosen due to the long duration of the
experiment aglastomermarks remai visible even after several t® when administered
correctly, and mortality from the marking procedure is low (Uglem et al. 1906rk &
Kershner 2006 After marking, lobsters were returned to their single compartmdots
approximately 24 hours before imtion of the simulated releas@ccording to Clark &
Kershner (2006)there are no significant aversive effects of VIE tagging, thus 24 h
acclimation was consideredfficient. A total of 120 lobsters were supposed toitguded in

the release, but 12dditional lobsters were marked to account for jpostedure and
transportmortality. However, no mortality had occurred 24 h after dagloyment.As a

precautionarymeasure, lobsters were notbfg@cted to predator odotkhe last day before
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releaseto avoid associative learningetween the taggg procedure and predator oddro
standardize photoperiod the ligiwere turned on at midnigliapproximately 8 hons before
transpor} for all treatmentsLobsters were size matched in both tagks, mean+ SD;
treatment A: 14.2+1.6 versus treatment B: 14.0+£1.4Q167, p= 0.91); treatment C: 13.0+1.2
versus treatment D: 12.9+1.1 {&.39, p= 0.98))

Table 6: Experimental treatment protocol from 30t of June until 9 of July. Packing and releasevas done
on the 10" of July.The treatment protocol remained the same but was shifted in timéNA = no exposure.

L:18/D:6 éggg' 23_‘28' 1530 | 07.30 01%_%% 1123'_%% 30 | Orange
oo 822 x| | 92222 | w0 | cm
L6/D:18 23_'93,8- ég_'gg‘ 1530 | 07.2 0193"_%% 1133'_%% 30 | Orange
o2 82w | | 2D B2 1| e |ou

2.5.2 Simulated release

To simulate a release situatiartransport stageas includedA total of 132marked lobstey
were placed in twopolystyrene containersand separated by multiple layers of moist
newspaper over a bottom layer of.idde containers were sealadd placed in a dark room,
where they were disturbed, i.e. lifted up and carried around fmin, roughly every 30
minutes to simulate a realistic transpdkfter approximately four hours, 60 lobsters were
released in each tank lggntly dropping them at the water surface allowing them to settle as
in a large scale release. After releaselthsters were left undisturbed for 35 days except for
handlingrelated to samplingroceduresFeeding continued every fourth day (1280 pellets

per tank)

Each samplindbegan with the collection dbbsters observed outside the sheltbefore the
scallop shellswere caréully turned over to collecbbbsters insideAll collected lobsters were
temporarily stored in a floating unit of singtelled compartments. After a thorough search
the shelters wereeturned to approximately the same locatéom lobstersdispersedat the
surface tosette again The number of lobsterfound insideor outsice of shelter andhe

number of claws on each lobsteere registered ahe group levelLobsters that were not
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found after careful seehing were classifieéhs ceadand assigned to the correct group by
backcalculation.To uphold competition in the tagkshelters were removed corresponding to
the number of dealdbsters to maintain shelter to lobster ratio at 0.5.

When performing the simulated redea it was deided to keepummersimulations(A and B)
andwinter simulations(C and D)separateqTable §. The alternatives wert® either include
all four treatmentsn both tanks (13uveniles from each treatmgnbr kegp them separated
(30 Exposed and 30dWelobsters in each tardeparated on the basis ofgy light regimg.
The latte alternative was chosdor two reasonsiobstersin the Summesimulationswere
significantly largerin size (CL)than those in Wintesimulations whereasthere was no
difference within Summeror Winter simulations Size wasa potential source of big&tema
& Voigt 1999, and larger individuals had been observed to kikererely damage smaller
ones.In addition, given the large variation in lobster performance, sample sizeomaidered
important. A design where twimeatmentsvere present in each tank fairly high numbers
would simplify the experimental desigandwasalsoassumed tincreasehe goodness of fit
for predictive models Consequently, it was decided to segparthe groups based on

experience with predatadors

2.6 Statistical analysis

Statistical analysis for all experiments was performed usifigr.R2.15.0 (R Development
Core Team 2012). For the completesyhtax see Appendi®. All raw data are included in
Appendix 4.

Mean size (CL) wasompaed using analysis of variance (ANOVA) by the Im function in R,

with treatment as the predictor variable. This result is included here as it has consequences for
other models. There was a significant size difference (F= 135P,0001) between
treatments @ a Tukey HSD multiple comparisons tests was performed to assess which
treatments that differed. There was a significant difference between Summer (A and B)

Winter (C and D) simulationg-2. 90 &.67,0 0.022 O Bummer 0. 001
simulationswere significantly larger, but no differences was found within Sumtrnet (624,

p= 0.37) or Winter (t=-1.229 p= 0.61) simulations respectively(see also Table 1)

Consequently, CL wasicluded as a covariate subsequent statistical models.
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2.6.1 - Experiment 1: Individual observations

Tank effects were considered negligible sitwesterholding tanks wereompletely similar

except forexperimental treatment, and lobsters dat interact with each otheRather thg

were separated in single cells and weoasidered independent observations. However, as
repeated measurements were made on the same individuals, a first order correlation structure

was added to the models when posdiblaccount for autocorrelation in the data.

The two main explanatory variables; odor exposurepmatoperiod were arranged in a 2x2
factorial design giving a total of four different treatments. For all models in Experiment 1,
both experimental treatme(i, B, C or D) and the number of days in treatment (NDT: 4, 8,

12 or 16 days) were included as predictor variables. The response variable was thus the only
variable that changed between each analysis. Furthermore, for all behaviors analyzed in
Experimentl, the NDT variable was treated as a continuous predictor as individual lobsters
were followed on four successive points in time, which was considered sufficient to reveal
any overall patterns resulting from number of days in treatment. Additionadiytrast
analyses were performenh all models in Experiment 1 to extract model parameters for each

level of treatment. In this way, one could compare behavior between separate treatments.

Due to its configuration as tirfte-event data, mean time spent to fistoklter was analyzed

using a survival model with censoring (Crawley 2007). The inclusion of censoring was
essential since there was a considerable amount of lobsters that did not find shelter in the 900
sec (15 min) available, and by either removing thieem the analysis (mean skewed toward

0 sec) or recording 900 sec as their timeshelter (mean skewed towards 900 sec), one
would create severely biased estimates (Crawley 2007). Therefore, the survival model
includes a binargensoringvariable determimg whether shelter was found. The analysis was

performed by the survreg function in R.

The general activity level comprised several behavishgjter dwelling,roaming, digging
activity inside shelter and climbing activity. The data for these four hetsawere BoxCox
transformedo account fomonnormality and analyzed with a linear mixed effect model by
the Ime function in R (Pinheiro and Bates 2D0lo account for repeated observations of
individual lobsters, | assumed a fimtder autocorrelatio structure and specified the intercept
of individual lobsters as a random effedactor. Digging outside of shelter and freezing

behavior were not analyzed sséically due to low sample size
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2.6.2 - Experiment 2: Interactions

Dominance was transformeto a binary response variable basedthe aggressienand
individual scores, where the highest scoring lobster in a pair was termed dominant (1) and the
lowest scoring lobster submissive (0). Observations were not independent since lobsters were
tested together in pairs, thus dominance was analyzed with a glmm, where the model
estimated probability of gaining dominance for Exposed and Naive lobsters. The intercept of
each lobster paiwvas considered a random effeéactor Due to size differences Summgk

and B) and Winter (C and D) simulationwere paired exclusively against each other.
Interactions were only performed once for each lobster, so NDT was not included as a
predictor. Thus, the twanain predictor variabke were odor exposure amdhotoperial. CL

was included as a covariate to control for the effect of size.

It wasalsoanalyzedwhether thendividual thatfirst initiated anlnteraction depended ador
exposure or photoperiod. This relationship was andlyzéh a glmm as described for
anaysis of dominanceTo assess whether the Individual behaviors was influenced by the
outcome oflnteractions,data ontime spent occupying shelter, roaming and fregzuere
Box-Cox transformed to account for nanrmality and analyzed with a Im€he outcone of
Interactions (winner or loser) was the predictor variable, and CL was included as a covariate.
The intercept of each lobster paias considered a random effed¢actor.The same analysis

was performed on the summarized Individual score based omlines in Table 5, but these

were not BoxCox transformed before analysis.

2.6.3 - Experiment 3: Simulated release

The number of lobsters found inside or outside of shelter constituted the binary response
variable ter med SiheetheSumrer (A attR) an AMniery(6G and D)
simulations were significantly different in size it was not possible to include all four
treatments in both tanks without creating size dependent(Aiasna & Voigt 1993. As a
consequence, one Exposed and one Naive gn@greleased in separate tanksnd tank
numberwas included as aandom effects factor. Odor exposure and number of days in
treatment (NDT, i.e. days pestlease) were included as the main predictors (fixed effects),
and the probabipgan ggs@stimatédsfidn Expdsedrand dNaive dobsters
using a glmm. Since samplings were only performed three times during the 35 day period, and
the fact that they were situated far from each other in time, the NDT variable was treated as a
categoical predctor. Similar analyses wengerformed to compare probability of injury and

mortality depending on exposure to odansl with NDT.
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3. Results

3.1 Experiment 1 z Individual observations

Each lobster was obsed four times in Experiment, after 4 8, 12 ad 16 days in treatment

After release into the observation utabsters generally displayethe same patterns of
behavior but the individual variationwas large within each treatmeahd no consistent
effects of exposure to predator odors were ¢bun total, shdter was found in 87% of the
trials (528 of 608), but sheltdwelling could vary from 20 seconds to 14 minutes.

Irrespective of experimental treatment thebsters would generally either; 1) rapidly find

shelter, dig entrances and show a mininafractivity in the open, ii) notenterh el t er , Apa
around in open areas and climb along the walls, or iii) walk very slowly, enter shelter after
several minutes and not dig inside shefldrese behavioral syndromes were stable over time,

in that theywere observed in each trial, but individual lobsters caldw completely

different behaviors from one trial to the next.

Shelter seeking

Time to find shelter was recorded at the first complete entering into shelter (see Table 4).
There was no signifant effect of the interaction between treatment and number of days in
treatment (NDT henceforth) on mean thieeshelter (survival analysis; Deviance= 6.41, df=
598, p= 0.093, Fig. 7). This indicated that any changes intbrsbelterover timedid not

differ between treatment#t is evident that the proportion that failed to find shelter differed
between the four testays, but there was no systematic increase or decrease in time to find
shelter(Fig. 7). Similarly, nooverall effectwas observed from ND (Deviance= 0.24, df=

604, p= 0.623)or fromthetreatmentalone (Deviance= 1.23, df= 601, p= 0.y4bhere was a
negativeeffectof size (CL)on the time spent to find sheltithin each treatmer{Deviance=

6.99, df= 605, p= 0.008 implying that themotivation to find sheltexvas higher in small

individuals Raw datare included in Appendix 4
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Figure 7: Survival plots with time-to-event curves. The curves are depicting timé&-shelter and the
proportion that did not find shelter during the 15 minute trials. Censoring of lobsters that did not find
shelter is indicated by a cross at the far right of the curve.

General behavior

The remaining behavi@l categories analyzed were shelter dwelling, roamutigging
activity inside shelter (cheliped shilirig) and climbing activity (Table ¥ Digging behavior
outsideshelter and freezingvere aly recorded in 97 (16.0%) and 76 (12.p%ut of 608
trials, respectivelyThese behaviors were not armdy statistically due to few observatipns

but wereusedto adjust the roaming categorihe raw datare included in Appendix 4.

Although the developmeriver time could differ between treatmenfer some of these
behaviors the meandifferences between treatments were small and infreqéd@mpendix 3)
In addition, the individual variation within each treatment was extensivee to this
variation, measures on the general behavior havelieited biological significancewhich

also becomes eviae when comparing between treatmeintfigures8 to 11
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Shelter avelling:

Figure 8: Time spent in shelter. Plotted are the raw datal he values depicted here are standard beand-

whiskers plot in R withmedian and first and third quartile. Whiskers represent minimum and maximum

values except for ouliers (1.5 times thelength of the box away fom the box) marked by an open circle.

There was a significant interaction between treatment and NDT on mean time spent dwelling
in shelter (Imef= 3.65, p= 0.013Fig. 8, which implied that dwellingliffered between the
treatments with time This was mainly due to a different developmeetween Naive Summer

(B) and Naive Winter (D) lobstemvertime (t= -3.26, p= 0.001Fig. 8, where the Naive

Winter lobsters (Dyeduced shelter dwelling compared to Naive Summer lobsters (B)

The significant change in dwelling with time came fromarked decreasat day 16(Fig. 8).
There was no apparent reason for this decrease, and it may be considered spurious. Since the
development dyond day 16 was not recordednclusions willnot bedrawnbased on these

data. There wertew differences in mean respse over time between
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