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Abstract

Despite a recent surge in the popularity of animal personality studies and their wide-ranging

associations with various aspects of behavioural ecology, our understanding of the develop-

ment of personality over ontogeny remains poorly understood. Stability over time is a central

tenet of personality; ecological pressures experienced by an individual at different life stages

may, however, vary considerably, which may have a significant effect on behavioural traits.

Invertebrates often go through numerous discrete developmental stages and therefore pro-

vide a useful model for such research. Here we test for both differential consistency and age

effects upon behavioural traits in the gregarious cockroach Diploptera punctata by testing

the same behavioural traits in both juveniles and adults. In our sample, we find consistency

in boldness, exploration and sociality within adults whilst only boldness was consistent in

juveniles. Both boldness and exploration measures, representative of risk-taking behaviour,

show significant consistency across discrete juvenile and adult stages. Age effects are,

however, apparent in our data; juveniles are significantly bolder than adults, most likely due

to differences in the ecological requirements of these life stages. Size also affects risk-taking

behaviour since smaller adults are both bolder and more highly explorative. Whilst a beha-

vioural syndrome linking boldness and exploration is evident in nymphs, this disappears by

the adult stage, where links between other behavioural traits become apparent. Our results

therefore indicate that differential consistency in personality can be maintained across life

stages despite age effects on its magnitude, with links between some personality traits

changing over ontogeny, demonstrating plasticity in behavioural syndromes.

Introduction
Thefield of animalpersonalityresearchhasbloomedin recentyears;inter-individual variation
whichwasonceconsideredbackgroundªnoiseºin behaviouralecologicalstudiescannowbe
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formallyattributedto amongindividual differenceswhichpersistthroughtime [1]. Methods
haverecentlybeenformalisedandadapted[2] to showthatpersonality(whereindividualsof
thesamespeciesshowconsistentdifferencesin their behaviouracrosstime andcontexts,[1,
3]) canbedetectedacrossawidespectrumof animalspecies,includingmammals[4, 5], birds
[6, 7], fish [8, 9] andinsects[10,11].Thefield hasexpandedto explorepersonalitywithin a
rangeof contextssuchasmatechoice[12], colourmorphs[13,14],collectivemovement[6,
15],dispersal[16], socialnetworkpositions[17,18],collectiveforaging[19] andleadership
[20]. Suitesof personalitytraitsmayalsobecorrelatedto form distinctbehaviouralsyndromes
[3]. However,whilst thereisawealthof publishedstudieson animalpersonalityto date,the
developmentof behaviouralconsistencyoverontogenyisanareawhichhasoftenbeen
neglected[21].

A centraltenetof personalityis its stabilityovertime;however,significantphysicaland
behaviouraldevelopmentalchangesarelikely to occuroveranindividual'slifetimeandan
understandingof howthesechangesaffectbehaviouraltraitsiskeyto appreciatingtheadaptive
valueof personalityitself.Experiencesin earlylife canhavesignificantinfluencesuponthe
developmentof stablepersonality[22]. Periodsof major reorganisation,suchasmorphogene-
sis,metamorphosisandsexualmaturation,mayalsobeexpectedto influencethestabilityof
behaviour[21]. Juvenilesoftenexperienceaverydifferentsetof selectionpressuresto adults,
particularlywheretheylive in completelydifferentenvironments;in thiscontext,behavioural
stabilityisparticularlysurprising,especiallywhenit occursovercompletemetamorphosis(e.g.
in thelakefrog ���� ���������, [23], andthedamselfly	
��
� 
���
�
�, [24]). Evenin species
wherebothadultsandjuvenilesoccupysimilarenvironments,theselife stagesoftenhavevery
differentecologicalneeds,whichaffecttheir optimalbehaviour;for example,mostjuvenile
insectsmainly focuson thesearchfor food,whilstadultsrequirematingpartnersor prime
locationsfor ovipositionor parturition [25]. Sincepersonalitytraitsmayonly becomestableat
theadultstagein someinsectspecies(e.g.in themustardleafbeetle���
��� 
�
��
����
, [26])
whilst thesepersistacrosslife stagesin others(e.g.	. 
���
�
�, [24]), further studiesare
requiredto determinewhethertaxonor life historydifferencescanbestexplainsuchdiffer-
encesin behaviouralplasticityoverontogeny[26].

Theremayalsobespecificageandsizeeffectson personalitytraits that involverisk-taking
behaviour.In mostinsectspecies,juvenilesandlarvaearelessmobilethanadultsand,dueto
their smallersize,theyareat risk from amuchwider rangeof predators;theythereforeexperi-
encehigherpredationpressures,influencingbothboldnessandpredatorescapeperformance
[27]. Their smallersizealsoimposesrestrictionson thetime theycanspendwithout foraging,
whichmayin turn promotebolderbehaviour[26]; their greatermetabolicrequirementsmay
belinked to agreaterpropensityto takerisks[28,29].Life-historytrade-offsmayalsooccur
[30]; thepace-of-lifesyndromecanexplainlinks betweenbehaviouraltraitsanddifferencesin
eithergrowthratesor physiologyacrosslife stages[31,32]andexplainswhytrade-offs
between,for example,growthandmortality maydiffer acrosslife stages[31]. Theseareall
potentialexplanationsfor thefinding that juvenileinsectsin somespecieshavebeenshownto
bebolderthantheir adultcounterparts(e.g.field crickets������� ���
�
�, [33]). Theelucidation
of mean-levelchangesin risk-takingbehaviouracrossabroaderrangeof speciesisnow
requiredto betterunderstandthedifferentialselectionpressuresin operationacrosslife stages,
andhowtheseaffectthedevelopmentof personality[34].

To investigatebehaviouralconsistencyacrossdiscreteontogeneticstages,aninsectthat
undergoesanumberof moultsto adulthoodisaperfectmodel.Despitetheadvantagesof rela-
tivelyshortgenerationtimes,simplehusbandryrequirementsandavastvarietyof life history
strategies,relativelyfewstudieshaveassessedtheconsistencyof personalityacrosslife stagesin
insects[10]. Indeedanimalpersonalityin generalis frequentlyassessedovershorttime

Personality in cockroachesÐStability and age effects
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periods,or within acertainlife stage,which is inadequatefor theassessmentof theproximate
mechanismscontributing to personalityvariation[35]. In thisstudy,consistencyin individual
behaviourwill thereforebetestedbothwithin life stages(juvenileandadult)andacrossthese
stagesin thegregariouscockroach�������
�� ���
����, aspeciesin whichpersonalityhasnot
previouslybeenexploreddespiteits frequentusein endocrinologicalresearch[36].

A numberof studieshavesofar examinedpersonalityvariationin cockroaches;differential
consistencyin personality(whererankorder in behaviourin agivencontextcorrelatesacross
individualsovertime, [21]) hassofar beendemonstratedin termsof exploration,socialityand
foragingactivityin male�����
��� �
�����
� [37], exploration,foraging,courtship,activityand
boldnessin �������������� ����
����� [38±40]andshelteringbehaviourin �
������
�� ��
��
�
��� [41]. Influencesof socialisolation[37] anddevelopmentalenvironment[38] uponper-
sonality,characterisationof behaviouralsyndromes[39,40]andcollectivepersonalityat the
grouplevel[41] havealsobeenexplored.However,no studieshavesofar investigatedchanges
in personalitytraitsacrosslife stagesin cockroachesandall havesofar focuseduponmales.

In orderto investigatethedevelopmentof behaviouralconsistencyin �. ���
����, wetested
bothnymphsandadultsto explore1) differentialconsistencyin behaviouraltraits(bothwithin
andbetweenlife stages),2) ageeffectson individual personalitytraits,3) structuralconsistency
(i.e.theextentto whichcorrelationsamongbehaviourpatternsarepreservedwhenmeasured
in thesamecontext(s)atadifferenttime,[21]), 4) contextgenerality(wherescoresacrosscon-
textscorrelateacrossindividuals,[21]) in boldnesswithin eachlife stageand5) theeffectsof
individual sexandsizeon behaviouraltraits.

Basedon previousresearchandour understandingof thebehaviouralecologyof �. ���
�
����, anumberof factorsmayaffectbehaviouralconsistencyin thisspecies.Bothjuvenileand
adult �. ���
���� inhabit asimilarecologicalniche[42]; consistencyin personalitytraitsacross
life stagesmaythereforebepredicted,aswasfound in field crickets[33]. Age,however,may
affectthemagnitudeof risk-takingbehaviourcomprisingboldnessandexploration;juveniles
showedhigherlevelsof boldnessthanadultsin otherinsectstudies[26,33,43].Sexmayaffect
boldnesslevelsasthisspeciesshowsdistinctsexualsizedimorphism(andhencedifferential
predationrisks),with femalesbeingsignificantlylarger[36]. Sexeffectsuponbothboldness
[43,44]andactivity[26] havepreviouslybeendemonstratedin otherinsects.Behaviouralsyn-
dromeshavealsobeenidentifiedin othercockroachspecies[39,40]; if abehaviouralsyn-
dromeis identifiedhere,its stabilityoverontogenywill beinvestigated.

Materials and methods

Study population
Studyindividualsweretakenfrom amasscolonyof �. ���
���� maintainedin laboratorycon-
ditions for overtenyears.Thiscolonywasinitially setup usingindividualsfrom threesource
populationsandnumbershavebeenmaintainedataminimum populationlevelof 200indi-
vidualsthroughoutthis time,thusminimising therisk of inbreeding.Thesecolonieswerekept
in anincubatorat24.5Êcwith a12:12light:darkcyclein plastictanksapproximately33x 26x
19cm,with ventilationprovidedin thelid. Thesecockroacheswereallowedto feed�� �������
on Lidl's ªOrlandocompleteºdogbiscuitsandweregivenaconstantsupplyof freshwater.

Breeding and housing of focal individuals
Seventy-fournymphswereremovedfrom their parentswithin 48hoursof hatching;these
werefrom 17differentfamilies(� + SD= 4.4� 2.0nymphsperfamily).Thesenymphs
werethenhousedseparatelyfrom eachotherin oneof threesocialenvironments,aspartof
anotherexperiment;thesewereeitherin isolation,with anymphcompanionor with anadult
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companion.Familyandsocialenvironmentwerelaterconsideredin statisticalanalysesasfac-
torspotentiallyaffectingbehaviouralconsistency(seeStatisticalAnalysessection).Housing
consistedof transparentplasticcontainersof dimensions11.5x 11.5x 6cmwith air holespro-
viding ventilation.WaterwasprovidedbyFalcontubesfilled with waterandpluggedwith
soakedcottonwool.Watertubeswerereplacedasrequired.Nymphswereallowedto feed��
������� on a1:1mixtureof Aquarianfish flakesandLidl's ªOrlandocompleteºdogbiscuits.

All moultswererecordeduntil thefocalindividualsreachedadulthood(whenwingsare
present).Upon reachingadulthood,individualswerephotographedandtheir headwidth and
pronotumwidth measuredto thenearest0.01cmusingImageJ1.48[45], with sexbeingdeter-
minedbyexaminationof thesexuallydimorphic subgenitalplates.Photographsweretaken
understandardizedconditions;adultswereplacedin apetri dishon awhitepaperbackground
with consistentbackgroundlighting.A ruler wasplacednextto thedishandincludedin the
photographto allowscaleto bedeterminedusingthesoftware.Theaccuracyof measurements
wasascertainedby tenadultsbeingmeasuredthreetimeseachandarepeatabilityanalysiscar-
ried out in JMP(SASInstitute Inc.,Cary,North Carolina).Thisgavearepeatabilityof 94.2%
for headmeasurementsand97.4%for pronotummeasurements.Sinceheadandpronotum
width weresignificantlycorrelated(Pearson'scorrelation:� � = 0.670,� = 60,� < 0.001),pro-
notum width wasselectedasthesinglemeasureof sizedueto its higherlevelof repeatability.

Behavioural assays
Seventy-fourindividualsweretestedin total;24weretestedtwiceasthird instarnymphs(10
males,12females,2 unknown±diedprior to reachingadulthood)and65asadults(29males,
36females)to exploredifferentialconsistencyin behaviourwithin life stages.Since19individ-
uals(7 males,12females)weretestedbothasjuvenilesandadults,theseindividualsalonewere
usedto testfor differentialconsistencyof behaviouraltraitsacrosslife stages.Thenumberof
individualstestedat thethird instarstagewaslimited by time constraints,mortality andinter-
moult intervals,ashasoccurredin similarstudies(e.g.[26]). Sincethenumberof moultsto
adulthoodvariesbetweensexesandamongindividualsin �. ���
���� [36], wechoseto test
juvenilesat thethird instarstagesinceaminimum of threemoultsoccursin bothsexes[36].
Individualswerenot testedasfourth or fifth instarsasonly asmallproportion gothrough
thesestages(usuallyfemales,[36]. A gapof � + SD= 32.8+ 10.8days,� = 19occurred
betweenthesecondtrial asathird instarandthefirst trial asanadult (lifespanof �. ���
����
isaround423days,[42]). Forboth life stages,eachindividual wastestedtwicewith agapof
threeto sevendaysbetweentestingsothatdifferentialconsistencywithin eachlife stagecould
beestablished.

Threepotentialpersonalitytraits,boldness,explorationandsociality,wereexploredacross
threebehaviouralassays:theexplorationarena,socialarenaandstartletest.Theorderof test-
ing wasrandomlyassignedto eachindividual andits effectslaterconsidered(seeStatistical
Analysessection).

i. Exploration arena. Weusedmethodssimilar to thoseusedfor �. �
�����
� [37]: a
modifiedadaptationof theopenfield test(usedto quantifyexploration,[46]) with anemer-
gencetestcomponentusedasameasureof boldness[28]. Theindividual wasremovedfrom
its normalhousingandplacedin anopaqueperspextubeapproximately4cmin lengthand
3cmin diameterwith bothendstemporarilysealed(usingpetri dishlidsasbarriers)andleft
for threeminutesto acclimatise.This tubewasplacedin sectorBof anªexplorationarenaº
prior to thisacclimatisationtime,with its temporarilysealedendsfacingsectorsA andC (Fig
1).Theexplorationarenawasa21x30cmplastictraywith adepthof 8cm.Thiscontaineda
pieceof A4 paperthatdividedthearenainto 12sectors(labelledA to L, Fig1); thesedelimited
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distinctgeographicalareasof thearenae.g.corners,sides,andcentralportions.An empty
oval-shapedplasticdish(dimensionsapproximately4x3cmwith adepthof 2cm)wasplacedin
sectorK. After theacclimatisationperiod,thebarrierswereremovedandtiming began.

Werecordedwheni) theheadandii) theentirebodyemergedfrom thetubeandiii) when
thefocalindividual crossedthecentreline (separatingsectorsD-F andG-I). Wealsorecorded
thenumberof novelsectorsexploredwithin tenminutes.Wheneitherall sectorshadbeen
exploredor tenminuteshadelapsed,theexperimentwasterminated.If all twelvesectorswere
explored,thetime atwhichthefocalindividual enteredthelastnovelsectorwasrecorded.The
papergrid wasreplacedbetweenindividualssinceaggregationof pheromones,presentin fae-
ces,mayinfluencecockroachmovement[47,48].

ii. Socialarena. Thisarenawasidenticalto theexplorationarena(Fig1) excepttheplastic
dishwasreplacedbyacottonnetbagcontainingthreeadultsrandomlyselectedfrom thecol-
onypopulation(but ensuringbothsexeswererepresented).Thebagmeasuredapproximately
10x 8 cmwhenflat (with anexpandedvolumeof approximately100cm3) andallowedindivid-
ualsto movearoundtherestrictedspace;antennalcontactwith thefocalindividual wasalso
possible.Followingthreeminutesof acclimatisationfor thefocalindividual in thePerspex
tube,timing beganwhenthebarrierssealingtheplastictubewereremoved.

Werecordedthetime atwhichthefocalindividual first enteredthesectorcontainingcon-
specifics(latencyto reachconspecifics),thelatencyto makeantennalcontactwith conspecifics
andsubsequenttimeswhenthefocalindividual both left andenteredthissector,allowingthe
total time spentin thesectorcontainingconspecificsto becalculated.Theexperimentwaster-
minatedaftertenminutes.

If, afterfiveminutes,theindividual hadnot left thetube(whichoccurredin 21%of trials),
wemovedit to sectorH, on theborderof sectorK; werotatedthetubeby90degreesto ensure
theindividual within thetubewasnowfacingtheconspecifics.Thiswascarriedout to allow

Fig 1. Diagram of testing arena. This illustrates the arena used in the exploration trial during behavioural
testing in Diploptera punctata. A piece of A4 paper lined the bottom of the arena to mark the borders of sectors
A to L; this was replaced for each new individual tested. Vaseline was applied to the sides of the arena above
the paper to prevent cockroaches from climbing up the sides; the depth of the arena was approximately 8cm.
The focal individual was introduced to the arena via an opaque tube placed in sector B. Sector K contained an
empty plastic dish.

https://doi.org/10.1371/journal.pone.0176564.g001
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lessboldor explorativeindividualstheopportunity to showsocialbehaviour;theseindividuals
mayotherwisenot leavethetubeatall during theexperimenthencewouldbescoredlow in
termsof socialityasanartefactof their reducedboldnesslevels.Theinitial fiveminuteswhen
theseindividualsdid not leavethetubewereincludedin thelatencyto both reachconspecifics
andmakeantennalcontact.

iii. Startle test. Usingamethodologysimilar to thatusedfor �. ����
����� [40], analter-
nativeemergencetestto assayboldnesswasusedto quantifyanindividual'sreactionto sudden
exposureto light. Thefocalindividual wasplacedin a9cmdiameterpetri dishwith anopaque
lid andallowedto acclimatisefor threeminutes.Timing beganwhenthelid wassuddenly
removed,exposingthefocalindividual to bright light. Thetimesatwhichtheindividual first
movedits i) antennae,ii) headandiii) initiated locomotionwererecorded.

Acrossall threeassays,eachbehaviouralmeasurerecordedwasassignedto aparticularper-
sonalitytrait baseduponresultsfrom previouspersonalitywork in cockroaches[37,40],with
boldnessbeingmeasuredacrosstwo contexts(Table1).

Statistical analyses
i. Differential consistencywithin andacrosslife stages. In theexplorationassay,23of

65individualsneverleft their tubesin at leastonetrial; theywereassignedalatencyto leave
thetubevalueof ª601ºif theeventin question(heador bodyleavingtube,crossingcentre
line) neveroccurred.Sincenon-parametriccorrelationswerelatercarriedout, theseindividu-
alswerethereforeassignedthehighestlatencyrank.In thesocialassay,again,21individuals
neverleft their tubesatall in at leastonetrial, despitebeingmovedafterfiveminutesto within
sightof theconspecifics.Thesewerealsoassignedavalueof 601for eachrelevantlatency
(eitherto reachconspecificsor to touchantennaewith conspecifics).

In orderto testfor differentialconsistencyin eachtrait within eachlife stage,acomposite
measurewascalculatedfor eachseparatepersonalitytrait to reducethenumberof variables
andhenceenableamorepowerfultest.Wecollapsedtheindividual measuresusedfor each
personalitytrait into thefirst principalcomponent(PC)scorefor eachindividual in thestatis-
ticalpackageJMP,includingscoresfrom eachtrial for eachindividual.Wethentestedfor a

Table 1. Personality trait measurem ent.

Personal ity Context Assay Measure

trait

Emergence Exploration arena Latency for head to emerge from tube

Latency for body to emerge from tube

Boldnes s

Latency to move antennae

Startle Startle test Latency to move head

Latency to initiate locomotion

Latency to cross centre line after emerging from tube

Explorati on Exploration arena Number of sectors explored in ten minutes

Time taken to explore all sectors

Latency to reach conspeci®cs

Sociality Social arena Latency to touch antennae with conspeci®cs

Total time spent with conspeci®cs

Measures used to assay each personality trait in Diploptera punctata across three behavioural assays.

https://doi.org/10.1371/journal.pone.0176564.t001
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significantcorrelationbetweenthetwo trials' rankedPCscoresfor eachindividual bycarrying
out Spearman'srankcorrelationsin SPSS.

To testfor differentialconsistencyin personalitytraitsacrosslife stages,weagaincalculated
PCscoresfor eachpersonalitytrait for both life stagesseparatelyin the19individualswhere
thesedatawereavailable;wecalculatedthemeanlatencyfor thetwo trials for eachindividual
ateachlife stagethenenteredthesemeansinto thePCanalysis.Weagainimplementeda
Spearman'srankcorrelationto testfor consistencywithin individuals.Thiscombinationof
principlecomponentanalysis(PCA)andSpearman'srankcorrelationtestswasalsousedto
showconsistencyin personalityacrossmetamorphosisin ananuran[23].

Since�. ���
���� aresexuallydimorphic,sexdifferencesin behaviourmayoccur.Males
andfemaleswerethereforeinitially analysedseparately,following theprocedureoutlined
above.Furtheranalyseswerethencarriedout on pooleddatawherethedirectionof correla-
tionswasconsistentbetweenthesexes(S1Appendix).

Werepeatedthecorrelationsfor thesocialityassayexcludingall individualsthatwere
movedafterfiveminutesof not leavingthetubeto excludethepossibilitythat thispracticewas
affectingresults.Additionally,sincetheorderof testingcouldaffectthelikelihoodthat individ-
ualsmight leavethetubeduring thesocialassay(for example,if theyhadalreadyexperienced
anexperimentalarena,thismight affecttheir likelihoodto leavethetube)andhencethemea-
suresusedto assesssociality,achi-squaredtestwascarriedout to examinewhetherorderof
testinghadaneffecton whetheror not anindividual left thetubeduring thesocialtrial.

ii. Ageeffects. To testfor ageeffectson themagnitudeof individual behaviouralmeasures
betweennymphsandadults,thedifferencebetweenmeanvaluesobtainedin trialsateachlife
stagewascalculatedfor eachof the19individualstestedatbothstagesandaWilcoxonsigned-
rank testwasappliedto testwhetherthesedifferencessignificantlydifferedfrom zero.This
allowedanon-parametriccomparisonbetweentheserepeatswithin individualsacrosslife
stages.Principalcomponentscoreswerenot usedastheaim wasto testfor changesin theraw
behaviouralscoresmeasuredfor eachindividual betweenlife stages.Datawereinitially plotted
for eachsexseparatelyto ensuretherewasnot aconsistentdifferencein themagnitudeof the
responsebetweenthesexesbeforethesewerepooled(S1Appendix).If adifferencewas
observed,eachsexwasanalysedseparately.Thisappliedto threemeasures:latencyto reach
conspecifics,total time spentwith conspecificsandtotal time takento exploreall sectors.

iii. Contextgenerality& behaviouralsyndromes. Contextgeneralityin boldnesswas
testedfor bycarryingout Spearman'srankcorrelationsbetweenpairsof boldnessmeasures
takenin independentbehaviouralassaysfor both juvenilesandadults.Thecontextdiffered
betweenassayssincein theexplorationarena,boldnesswasmeasuredin termsof thelatency
for anindividual to chooseto leaveashelter,whereasin thestartletest,boldnesswasmeasured
in termsof thelatencyto movefollowingsuddenexposureto bright light by removalof the
shelter.

Spearman'scorrelationswerecarriedout betweenthirteenpairsof individual measures
quantifyingdifferentpersonalitytraits in differenttrials to testfor thepresenceof behavioural
syndromesin �. ���
����. Pairingsof measuresquantifyingdifferenttraitsbut collectedin the
sameassay(e.g.explorationarena±latencyfor headto emergefrom tubeandlatencyto cross
centreline) wereexcludedastheylackedindependence.Sincefewermeasureswerecompared,
theprincipalcomponentsapproachwasnot necessary.Analyseswerecarriedout for both
nymphsandadultsseparatelyin orderto determinewhetheranybehaviouralsyndromespres-
entpersistacrosslife stages(henceto testfor structuralconsistency,[21]). Sincethesociality
measureªtotal time with conspecificsºcouldbedependentuponthelatencyto reachconspe-
cifics(measuredindependentlyin theexplorationassay),alackof acorrelationbetweenthese
two measurescouldbeusedto justify thesemeasures'independence.
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iv. Effectsof sex,size,socialenvironment & order of testing. To testfor sexandsize
effectson adultpersonality,amixedmodelsapproachwasusedto alsoincorporatepotential
effectsof orderof testing,socialenvironmentandfamily.A linearmixed-effectsmodelwas
built for eachadultpersonalitydimensionwith its PCscoreastheresponsevariable.A square
root transformationwasappliedto normaliseboldnessPCscoresprior to analysis,whilst
explorationandsocialityPCswererankedfor usein non-parametricanalysisdueto their non-
conformity to anydistribution.Standarddataexplorationprocedureswerecarriedout to
ensureall datamettheassumptionsof themodels[49]. Sex,orderof testing,socialenviron-
mentandpronotumwidth wereincludedasfixedfactors,with family (brood) includedasa
randomeffect.Modelswerebuilt in theRenvironment[50] usingthenlmepackage[51].
Directionalityof loadingof eachmeasurefor eachPCwasusedto interpretanysignificant
effects.

All testsweretwo-tailedandthesignificancelevelwassetat �� = 0.05.�-valueswerecor-
rectedfor multiple comparisonsfor eachfactorwithin eachdatasetbycarryingout sequential
Bonferronicorrections[52].

Ethical note
Wedid not observeanyadverseeffectsfrom thebehaviouralexperimentsconducted.The
minimal numberof individualsnecessaryto testthehypotheseswasusedandall animalswere
returnedto themasscolonyfollowing final behaviouraltesting.Environmentalenrichment
(cardboardªeggboxesºto provideshelterandamorestimulatingenvironment)wasusedin
masscolonies,with smallopaqueplastictubesbeingprovidedfor developingnymphsas
shelter.

Results

Differential consistency within and across life stages
Fornymphs,thedirectionof mostcorrelationsbetweenPC(first principalcomponent)scores
wasconsistentbetweenthesexes(S1±S3Figs)andsodatawerepooledfor subsequentanaly-
ses.Sincecorrelationsappearedmuchweakerfor femalesthanmalesfor nymphboldnessand
exploration(S1Fig),andalsofor maleboldnessin adults(S2Fig)andexplorationbetweenlife
stages(S3Fig),theseanalyseswereinitially carriedout separatelyfor eachsex.However,these
analysesdid not revealsignificantsexdifferences(S1Appendix),apartfrom theanalysisof dif-
ferentialconsistencyin explorationbetweenthelife stages,whichshowedthat this trendwas
likely to bedrivenby females(male:� � = 0.321,� = 7,� = 0.482;female:� � = 0.718,� = 12,
� = 0.009).Thisresultwill bediscussedfurther;however,poolingthesexesisstill justifiedhere
dueto thelow powerof this testto showasignificantcorrelationfor asampleof sevenmales.

SignificantcorrelationsbetweenPCscoresfor bothsexespooledtogetherprovidedevi-
denceof differentialconsistencyin boldness,explorationandsocialitywithin adults,in bold-
nesswithin third instarsandin boldnessandexplorationacrosslife stages(seeTable2 for PC
loadingsandthepercentagesof varianceexplainedby thisprincipalcomponent,Table3 for
correlationtestresults,aswellasS5±S7Figsfor individual correlationplotsandS1Tablefor
meansandSEsfor all behaviouralmeasures).Theseanalysescouldonly becarriedout using
63of 65adultsdueto missingdatapointsfor thesocialtrial (seerawdatain S2Appendix).

After excludingall individualsthatdid not leavethetubeduring thesocialitytestin thefirst
fiveminutes,resultsfor anewcorrelationtestbetweentrials to examinedifferentialconsis-
tencyin sociality(Spearman'srankcorrelations,third instars:� � = -0.236,� = 10,� = 0.511;
adults:� � = 0.392,� = 38,� = 0.015;acrosslife stages:� � = -0.182,� = 11,� = 0.593)wererela-
tivelyconsistentwith thoseobtainedusingall data;althoughthetrenddirectionreversedfor
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thebetweenlife stagesanalysis,thecorrelationremainedextremelyweakandnon-significant.
Wecanthereforeconcludethat thepracticeof movingthesetubesdid not significantlyinflu-
enceresults.Theorderof testing(i.e.theorderof behaviouralassayscarriedout) did not affect

Table 2. PCA loadings for personality trait consistenc y tests.

Life stage Personal ity trait Measure Loading for PC1 % variance Eigenvalue

explaine d

3rd instar Boldne ss Latency head emerges 0.758 63.5 3.18

(N = 24) Latency body emerges 0.714

Latency move antennae 0.884

Latency move head 0.918

Latency initiate locomotion 0.684

Explo ration Latency to cross centre line 0.938 78 2.34

No. sectors explored -0.965

Total time taken 0.727

Sociality Latency to reach conspeci®cs 0.665 47.6 1.43

Latency to touch antennae with conspeci®cs 0.823

Total time with conspeci®cs -0.555

Adult Boldne ss Latency head emerges 0.531 42.7 2.13

(N = 63) Latency body emerges 0.586

Latency move antennae 0.714

Latency move head 0.682

Latency initiate locomotion 0.73

Explo ration Latency to cross centre line 0.943 80.5 2.41

No. sectors explored -0.957

Total time taken 0.78

Sociality Latency to reach conspeci®cs 0.791 63.5 1.91

Latency to touch antennae with conspeci®cs 0.774

Total time with conspeci®cs -0.825

PCA loadings of measures used to generate ®rstprincipal component scores (PC1) to assess consistency of strengths of personality traits within individuals

within and between trials at each life stage in Diploptera punctata. For comparisons within life stages, all trials for all individuals were pooled prior to PCA.

For comparisons across life stages, the mean value from the two trials carried out for each individual was calculated and these means were pooled prior to

PCA. Sample sizes are given in parentheses.

https://doi.org/10.1371/journal.pone.0176564.t002

Table 3. Tests for different ial consiste ncy in behaviour al traits.

Within Within Between

3rd instar Adult 3rd instar & adult

Trait rs P rs P rs P

Boldnes s 0.469 0.02 0.61 ��0.001 0.528 0.02

Explorati on 0.26 0.22 0.442 ��0.001 0.549 0.014

Sociality -0.074 0.732 0.426 ��0.001 0.114 0.642

Summary of Spearman's correlations between principal component scores (used as a composite measure for each behavioural trait, comprising multiple

behavioural measures) to test for consistency in behavioural traits in Diploptera punctata both within each life stage (third instar and adult, comparing

ranked scores from repeated trials) and between these life stages (comparing ranked mean scores from trials carried out at both nymph and adult stages).

P-values remaining signi®cant following a sequential Bonferroni test are shown in bold. Sample sizes are 24 third instars (10 male, 12 female, 2 unknown),

63 adults (28 male, 35 female) and 19 individuals measured across both life stages (7 male, 12 female).

https://doi.org/10.1371/journal.pone.0176564.t003
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thelikelihoodof individualsleavingthetubeduring thesocialitytest(Chi-squaretest:�!25 =
6.02,� > 0.05),thusshowingthatpreviousexperienceof othertrialsdid not affectthelikeli-
hoodto leavethetubeandhencethetime spentwith conspecificsin thissocialtrial.

Age effects
Plottingthedatafor eachsexseparately(S4Fig)showedthat thedirectionof changein magni-
tudeof behaviouralmeasuresdifferedbetweenthesexesfor two socialitymeasures(latencyto
reachconspecificsandtotal time spentwith conspecifics)andfor oneexplorationmeasure
(total time takento exploreall sectors).Thesemeasureswerethereforeinitially analysedfor
malesandfemalesseparately.However,followingBonferronicorrections,noneof thesesex
specificdifferencesweresignificant(S1Appendix)andsobothsexeswerepooledfor all subse-
quentanalysisof all measures.

Adultsweresignificantlylessbold thanjuvenilesacrossthreeof thefivemeasuresof bold-
nesstested(Fig2).Therewasno apparentdifferencein levelsof eitherexplorationor sociality
betweenthetwo life stages(Table4).

Context generality & behavioural syndromes
Consistentlevelsof boldnesswereevidentin both juvenilesandadultsacrosstheexploration
andstartlecontextsfrom all measuresused(Table5), thusdemonstratingcontextgenerality
for this trait.

Within nymphs,explorationandboldnesswerefound to significantlycorrelateacrossthree
pairsof measures(Table6).No significantcorrelationswerefoundbetweenotherpairsof
measures.Within adults,thereweresignificantcorrelationsbetweensocialityandbothexplo-
ration (two pairsof measures)andboldness(two pairsof measures,Table6).However,there
wasno evidencefor abehaviouralsyndromelinking boldnessandexplorationin adults.There
wasthereforeno evidenceof structuralconsistencyacrosslife stages.

Effects of sex, size, social environment & order of testing
Resultsfrom linearmixedeffectsmodelsshowedthatneithersocialenvironmentduring rear-
ing nor orderof testinghadsignificanteffectson anyof thethreepersonalitydimensions
testedasadults(Table7).Similarly,therewasno apparenteffectof sexon boldnessor explora-
tion. Therewas,however,asignificanteffectof adultsizeon bothboldnessandexploration,
with largerindividualsshowinghigherPCscoresfor bothpersonalitydimensions(Fig3).
SinceahigherboldnessPCscorerepresentedagreaterlatencyto carryout all fivebehaviours
measuredfor this trait, andahigherexplorationPCscorerepresentedagreaterlatencyto
crossthecentreline, fewersectionsexploredandagreatertime takento exploreall sectors
(Table2), theseresultsshowthat largerindividualsarelessboldandlessexplorative.

Therewasanapparenteffectof sexon sociality,with maleshavingalowerPCscorethan
females(Fig4).SinceahigherPCscorerepresentedagreaterlatencyto reachandtouchanten-
naewith conspecificsandashorteroveralltime spentwith conspecifics(Table2), theseresults
indicatethatmalesshowedmoremotivationto approachconspecificsthandid females.

Discussion
Inter-individual variationin personalitywasevidentin �. ���
���� cockroaches;whilst in
third instarsonly boldnesswasshownto beconsistent,in adultsdifferentialconsistencywas
evidentin boldness,explorationandsociality.Moreover,in thesampletested,wefoundbold-
nessandexplorationwerestableacrosslife stagesdespiteageeffectson populationboldness
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Fig 2. Age effects on boldness. Diploptera punctata individuals were significantly bolder as nymphs than as
adults in terms of showing A. a shorter latency for their head to emerge from the tube in the exploration test,
and B. a shorter latency to both move antennae and initiate locomotion in the startle test as nymphs. Error
bars represent standard errors. Significant differences are marked by �� (P �� 0.01). 19 individuals were tested
across both life stages (7 males, 12 females).

https://doi.org/10.1371/journal.pone.0176564.g002
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levels.Therefore,boldnesswastheonly personalitytrait to beconsistentwithin andacrossall
testedlife stages,whereasexplorationandsocialityonly emergedasstablein adults.Beha-
viouralsyndromeswerefound in bothnymphsandadultsbut for differenttraits,indicatinga
lackof consistencyacrossstages.Wealsofoundevidenceof contextgeneralityin boldness
within both juvenilesandadults.Therewerecleareffectsof sexandsize;largerindividuals
werelessboldandlessexploratory,whilstmalesshowedhigherlevelsof socialitythanfemales.

Differential consistency in behaviour within life stages
Our demonstrationof differentialconsistencyin boldnessin �. ���
���� nymphs,aswellasin
boldness,explorationandsocialityin adults(Table3),clearlyindicatestheexistenceof person-
ality in cockroaches.Our resultsareconsistentwith otherstudiesin whichboldnesswasfound

Table 4. Summary of age effects tests.

Personal ity trait Behaviour al Measure z P

assay

Boldnes s Exploration Latency head emerges 179 0.003

Latency body emerges 99 0.121

Startle Latency move antennae 128 0.002

Latency move head 119 0.023

Latency initiate locomotion 174 0.005

Explorati on Exploration Latency to cross centre line 22 0.735

No. sectors explored -17.5 0.725

Total time taken -40.5 0.497

Sociality Social Latency to reach conspeci®cs 45.5 0.445

Latency to touch antennae with conspeci®cs 81 0.017

Total time with conspeci®cs -43.5 0.465

Results from Wilcoxon signed-rank test for age effects on personality measures within individuals, between third instar and adult life stages (N = 19: 7 male

& 12 female) in Diploptera punctata. Results remaining signi®cant following a sequential Bonferroni test are shown in bold.

https://doi.org/10.1371/journal.pone.0176564.t004

Table 5. Contextua l consiste ncy in boldn ess.

Context Explorati on Startle rs P

Measures Latency head emerges Latency to move antennae 0.631 0.001

correlated Latency move head 0.683 ��0.001

(3rd instars) Latency initiate locomotion 0.551 0.005

Latency body emerges Latency to move antennae 0.62 0.001

Latency move head 0.628 0.001

Latency initiate locomotion 0.524 0.009

Measures Latency head emerges Latency to move antennae 0.428 ��0.001

correlated Latency move head 0.351 0.004

(adults) Latency initiate locomotion 0.303 0.014

Latency body emerges Latency to move antennae 0.394 0.002

Latency move head 0.391 0.002

Latency initiate locomotion 0.294 0.018

Evidence for consistency in boldness levels across contexts in both third instars (N = 24: 10 male, 12 female & 2 unknown) and adults (N = 63: 28 male & 35

female) in Diploptera punctata was provided by signi®cant two-tailed Spearman's correlations between all combinations of independent measures. All P-

values remained signi®cant following a sequential Bonferroni test.

https://doi.org/10.1371/journal.pone.0176564.t005
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to beconsistentin nymphsof field crickets[53] anddamselflies������
�� [24] but contrasts
with resultsfound in mustardleafbeetles[26]. Thetwo formerstudieswerecarriedout on a
particularinstarstage,aswasour study,whereasthelatterstudyon thebeetleswascarriedout
acrossseveralinstarstages.Interestingly,only thestudiesconductedwithin aparticularinstar

Table 6. Summary of tests for behaviour al syndrom es.

Traits Measure1 Measure 2 Nymphs Adults

rs P rs P

Explorati on & Boldnes s Latency to cross Latency move antennae 0.396 0.056 0.027 0.834

centre line Latency move head 0.519 0.009 0.036 0.778

Latency initiate locomotion 0.569 0.004 0.321 0.009

No. sectors Latency move antennae -0.493 0.014 -0.198 0.113

Explored Latency move head -0.646 0.001 -0.138 0.272

Latency initiate locomotion -0.666 ��0.001 -0.242 0.052

Social & Explora tion Total time with Latency to cross centre line 0.037 0.862 -0.485 ��0.001

Conspeci®cs No. sectors explored 0.06 0.781 0.439 ��0.001

Social & Boldne ss Total time with Latency head emerges 0.145 0.500 -0.404 0.001

Conspeci®cs Latency body emerges 0.026 0.902 -0.405 0.001

Latency move antennae 0.36 0.084 -0.173 0.169

Latency move head 0.246 0.247 -0.007 0.955

Latency initiate locomotion 0.119 0.578 -0.242 0.052

Results from Pearson's correlations to test for the presence of behavioural syndromes in both nymphs and adults in Diploptera punctata. Correlations

remaining signi®cantfollowing a sequential Bonferroni test are indicated by bold text. 63 adults and 24 nymphs were tested.

https://doi.org/10.1371/journal.pone.0176564.t006

Table 7. Effects of size and sex.

Personal ity Factor Num DF Den DF F P

dimensio n

Boldnes s (Intercept) 1 35 343.2 ��0.001

Sex 1 35 0.03 0.855

Order 5 35 1.88 0.121

Social environment 2 35 0.02 0.981

Pronotum width 1 35 4.56 0.04

Explorati on (Intercept) 1 35 174.82 ��0.001

Sex 1 35 0.47 0.496

Order 5 35 0.29 0.917

Social environment 2 35 0.91 0.412

Pronotum width 1 35 4.54 0.04

Sociality (Intercept) 1 35 174.88 ��0.001

Sex 1 35 4.42 0.043

Order 5 35 0.24 0.944

Social environment 2 35 0.22 0.801

Pronotum width 1 35 1.46 0.235

Linear mixed-effects models found a signi®cant effect of size (measured by adult pronotum width) on both boldness and exploration scores and effects of

sex on sociality scores in Diploptera punctata, as shown in bold. The order of testing (i.e. order trials were carried out) and social environment (isolated, with

adult or with nymph companion) during development did not signi®cantly affect these measures. Brood identity was included as a random factor. Degrees of

freedom are presented for both denominator (Den DF) and numerator (Num DF). 60 individuals (for which all data were available) were included in the

model.

https://doi.org/10.1371/journal.pone.0176564.t007
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reportconsistencyin boldness.Furtherresearchisneededto determinewhetherconsistency
canalsobefoundacrossinstarstages.Consistencyin boldnessin adultshaspreviouslybeen
documentedin avarietyof insectssuchasseedbeetles����������
��� ��
������ [54], mustard
leafbeetles[26], firebugs������
���� ���
��� [43] andhissingcockroaches[40]. Exploration
wasalsoshownto beconsistentin adulthissingcockroaches[38] andfirebugs[43], whilst
socialitywasshownto beconsistentin �. �
�����
� [37] andcourtshipdisplaybehaviourwas
shownto beconsistentin hissingcockroaches[39]. Since�. ���
���� hasbeenwidelyusedfor
physiologicalresearch[36], anappreciationof its inter-individual differencesnowplacesit as
aprimecandidatefor theexplorationof physiologicalchangescorrelatedwith personalitytrait
variation.

Fig 3. Summa ry of significant size effects results. Mixed models showed a significant effect of size on
boldness and exploration in Diploptera punctata; larger individuals have higher PC scores (and therefore
lower levels) of A. boldness and B. exploration. N = 60 adults.

https://doi.org/10.1371/journal.pone.0176564.g003
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Theresultthatexplorationandsocialitywerenot found to besignificantlyconsistentin
third instarnymphsmayindicatethat thesepersonalitytraitsarenot yetstableat thisdevelop-
mentalstage.However,our demonstrationof differentialconsistencyin explorationacrosslife
stagesisatoddswith thisexplanation,at leastfor explorationbehaviour,asthis impliesthat
explorationisalreadyestablishedat this life stage.Anotherpotentialexplanationis that these
personalitytraitsmaybemoreunstableduring periodsof rapidmorphologicalchangesuchas
frequentmoulting during juveniledevelopment,whichoftenrequiremajor reorganisation
[21]. Indeedotherstudieson squid�������� �������
� [55] andredjunglefowl������ ������
[56] havefailedto find consistencyin variouspersonalitytraits(boldness,tonic immobility,
explorationandpredatorresponses)within earlydevelopmentalstages.It seemsthatspecific
traitsareselectedfor consistencydependingon thetaxonbut thatothertraitsareinconsistent
atanearlydevelopmentalstage.Selectionfor greaterbehaviouralplasticitymaybebeneficial
atanearlylife stage,wherefutureenvironmentsarelesspredictable[55,56].Furtherwork
with alargersampleof nymphsis requiredto betterunderstandthis resultsinceit mayalsobe
explainedby relativelylow statisticalpower.

Fig 4. Summa ry of significant sex effects results. Mixed models showed a significant effect of sex on sociality in Diploptera
punctata; males had lower sociality PC scores than females. N = 60 adults. The boxes are bounded by the upper and lower
quartiles and are divided by the median. Maximum and minimum values within 1.5 box lengths of the quartiles are represented by
the ends of whiskers and values outside of this range are shown by a cross.

https://doi.org/10.1371/journal.pone.0176564.g004
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Differential consistency in behaviour across life stages
Stabilityin personalityacrossdiscretelife stageshaspreviouslybeendemonstratedin only a
handfulof species,for examplein thedamselfly	. 
���
�
� [24], thefirebug[43], thelakefrog
�. ��������� [23] andthelaboratoryrat ������ ����
��
�� [57]. In others,suchasthemustard
leafbeetle[26], personalitylevelswereonly stableat theadultstage,whilst individual consis-
tencieswerefound to begenerallylow acrossthemajordevelopmentalstagesof becoming
independentandsexuallymaturein thejunglefowl �. ������ [56].

Despiteagenerallowerlikelihoodof repeatabilityin behaviouralexperimentsin ecto-
thermscomparedto endotherms[58] wefound explorationandboldnessremainedconsis-
tent acrossdiscretelife stagesin our sampleof cockroaches(Table3), in line with our
prediction.Nymphsandadultssharesimilarenvironments,lifestylesandpossiblyforaging
strategies[25]. Consistentindividual strategiesto collectinformation (exploration)andto
respondto risky situations(boldness)maythereforebeadaptiveacrossdevelopmental
stages.Asaconsequence,boldnessandexplorationseemto becomeªfixedº at thejuvenile
stagein �. ���
����. However,it shouldbenotedthat consistencyin explorationwas
mainlydrivenby females.Whethermalesdo not showconsistencyin explorationacrosslife
stagesor whetherthis resultis dueto low statisticalpowerresultingfrom asmallsample
sizerequiresfurther research.In contrast,socialitywasnot consistentacrosslife stagesand
maybeshapedby factorsonly arisingonceadiscretelife stagesuchassexualmaturity has
occurred.Thestabilisationof hormonalprofileswhichoccursat this point [56] mayhavean
effecthereaswell.Socialfactors,suchassocietalroles,mayalsoaffectthestabilityof certain
personalitytraits [59,60].

Age effects
Asexpected,juvenilesshowedconsistentlyhigherlevelsof boldnessthanadultsin threemea-
suresacrosstwo contextsin our sample(Fig2),which isconsistentwith otherstudieson
insects[26,33,43].Whilst nymphsandadultsmayinhabit thesameenvironmentandmay
havethesamelifestyleandforaginghabits,allowingthemto usethesameindividual strategies
(i.e.showingrelativeconsistencybetweenindividuals[21]), theymaybeexposedto environ-
mentalchallengesto differentdegreesresultingin variationin themagnitudeof behaviours
expressed[21]; examplesaredifferencesin predationrisk or life-historytrade-offs.According
to theassetprotectionhypothesis[30] adultsmaybemorecautiousin unfamiliarsituationsso
asnot to missopportunitiesfor reproduction,whereasjuvenilesmaytakegreaterrisksto
reachthereproductivestageasquicklyaspossible;thishypothesisissupportedbystudieson
field crickets[33,44].Anotherfactorresponsiblefor variationin environmentalchallengesis
bodysize.Sizeeffectson boldnesshavepreviouslybeendemonstratedin mustardleafbeetles
[26] andhissingcockroaches[38]. Thehigherboldnesslevelsof smallerindividualswere
attributedto their greatermetabolicrequirementsandthereforehigherwillingnessto take
risks.Whetherlife-history,bodysizeor both factorsareresponsiblefor differencesin boldness
betweennymphsandadultsin our studyspeciesneedsfurther investigation.

Surprisingly,explorationdid not differ betweenageclasseseventhoughexplorationhas
previouslybeenfound to behigherin juvenilesthanadults[14,61±63]acrossdifferenttaxa.
Theformationof differentbehaviouralsyndromeswithin life stagesin our studymayplaya
rolehere.While explorationwaspositivelycorrelatedwith boldnessin nymphs,it wasposi-
tivelycorrelatedwith socialityin adults.Whetherthecorrelationwith othertraitsconstrains
exploration[64] or whetherexplorationis important in differentcontextsacrosslife stages
(e.g.finding food in nymphsversusfinding foodandmatesasadults)isanexcitingnextstep
to investigate.

Personality in cockroachesÐStability and age effects

PLOS ONE | https://doi.org/10.1371/journal.pone.0176564 May 10, 2017 16 / 23



Context generality & behavioural syndromes
Wefoundevidencefor contextgeneralityin boldnessin both juvenileandadult �. ���
����
(Table5). �ontext generalityisnot alwaysdemonstrablein boldness[8, 65],despiteits in-
clusionin somedefinitionsof personality[1]. Whilst boldnessmaybeadaptivein certain
situations,suchasin intraspecificcompetitionfor resources,bold individualsmaybeatadis-
advantagewhenconfrontedbyapredator[66]. Personalitymaythereforeaffectindividual fit-
nessin context-dependentways[67], whichmayexplainwhyvariationin personalitypersists
[3]. In our study,thetwo contexts(latencyto leaveanopaquetubeandlatencyto movefollow-
ing asuddenstimulus)maybothbelinkedascommonresponsesto animmediatethreatfrom
predation,whichcouldexplaintheir correlation.Consistencywithin contextswasalsofound
for two boldnessmeasures(time to leavetubeafterdisturbanceandtime to walkafterthrown
into anovelarena)in firebugs[43]. In contrast,thetwo boldnessmeasures(latencyto leave
coverafterdisturbanceandlatencyto moveaftersqueezing)testedin mustardleafbeetles
werenot correlated[26].

Within nymphsalone,wefoundsignificantrelationshipsbetweenexplorationandboldness
usingthreepairsof measurementsacrosstwo independentpairsof trials.Wethereforeprovide
evidenceof abehaviouralsyndromein nymphswhereboldnessandexplorationarelinked
(Table6).Sincethesesamecorrelationswerenot apparentwithin adults(despiteamuchlarger
samplesize),it is likely that thisbehaviouralsyndromeisspecificto nymphs.Sinceobtaining
foodto shortenthelatencyto reachareproductivestageisanessentialdriver for nymphs[25],
boldnessandexplorationmaycombineto improvetheefficiencyof foraging,whilst for adults,
thesetraitsdivergefor otherpurposes.

In adults,wefoundevidenceof abehaviouralsyndromelinking sociality(total time spent
with conspecifics)with exploration(two measures),aswellasonelinking sociality(total time
spentwith conspecifics)with boldness(two measures;Table6). It couldbearguedthat these
correlationsareanartefactof our experimentaldesignandnot truebehaviouralsyndromesas
thetotal time spentwith conspecificsis likely to bedependenton anindividual'sboldnessor
exploration;if theyareslowto leavetheir tubeor crossthecentreline, theywill havelesstime
availableto spendwith conspecifics.However,thelackof significantcorrelationsbetween
thesepairsof measuresin nymphs(despiteboldnessandexplorationshowingasignificant
correlation)providesevidenceagainstthepotentialconfoundingeffectsof boldnessor explo-
ration on socialityin thisassay.It is thereforelikely that thesebehaviouralsyndromesare
adaptivein adults,but not in nymphs,andthisexperimentaldesignis thereforejustifiedfor
exploringthesethreebehaviouraltraits independently.

Sinceno behaviouralsyndromewasconsistentlyfound in bothadultsandnymphsby this
experiment,wecanprovideno evidenceof structuralconsistency[21] in personalityin this
species.Therearecurrentlyveryfewstudiesthataddressthepersistenceof behaviouralsyn-
dromesoverontogeny;however,thosewhichdo oftenfail to find evidenceof structuralconsis-
tency(e.g.[56,64]).This isperhapsexplainedby thedifferentialselectionpressuresthatadults
andjuvenilesareoftenexposedto; it maythereforebeadaptivefor theorganisationof behav-
ioursinto syndromesto changeoverdevelopment[21,68].

Effects of sex and size
Wefoundadultsize(but not sex)significantlyaffectedbothboldnessandexploration;larger
individualswereboth lessboldandlessexplorative(Fig3).Thisresultcontrastswith asimilar
studyon �. ����
����� whichfoundno effectof sizeon risk-acceptance(which includesbehav-
ioursassociatedwith boldness,suchasexplorationandfoodacquisition,[28]). However,
smallersizein individualswhichwerekeptin alow nutrition environmentduring thisstudy
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wasassociatedwith increasedrisk-takingbehaviour(in termsof exploration,foragingand
recoveryafterdisturbance,[38]). Size,therefore,only hadaneffectunderstrongercompetitive
conditions.A relationshipbetweenbodysizeandboldnesshasalsobeenfound in fishsuchas
thepoeciliid���
�������� 
���
��� andtheguppy��

���� �
��
����� [28,29].Smallerindividu-
alsmayhavegreatermetabolicrequirementsandarethereforemorewilling to takerisks[28,
29].Thiscouldalsobethecasein �. ���
����. Thehigherexplorationlevelsin smallerindivid-
ualsmaybeexplainedbysubordinationaslargerindividualsmaymonopoliseresources
requiringsmallerindividualsto investmorein explorationfor uncontestedresources.

Sexdid not significantlyaffecteitherboldnessor explorationin adults,despitethehigh lev-
elsof sexualdimorphismin thisspecies[36], but maleswerefound to bemoremotivatedto
approachconspecificsthanwerefemales,asdemonstratedbymales'lowersocialityscores
(Fig4).Thisresultis likely to reflectsexdifferentialreproductivemotivationin �. ���
����,
althoughthereis little knownregardingmatingbehaviourandsexualselectionin thisspecies.
Wheresexdifferencesin personalityareapparent,theyarelikely to beexplainedbydifferential
selectionon maleandfemalepersonality,perhapsexplainedby intrasexualselection,mate
choice,differentialreproductiveroles,ecologicaldemandsor life histories[69]. In thiscase,
malesmaybemoremotivatedto approachconspecificsin orderto obtainmatingsthanare
females,whosebehaviourisoftenadaptedto minimisethecostsof malecoercion[70]. The
lackof sexdifferencesin bothexplorationandboldnessisunexpected;perhapssex-differential
selectionuponpersonalityis low in cockroachesaspressuressuchaspredationactequallyon
bothmalesandfemales.Indeedin speciessuchasfield cricketswherethereareclearsexdiffer-
encesin predationpressure(dueto malecrickets'callsattractingtheattentionof predators),
sexdifferenceshavebeenfound in differentialconsistencyacrosslife stages[44].

Conclusions and future work
Hereweshowevidenceof differentialconsistencyin personalitybothwithin andacrosslife
stagesin cockroaches,aswellasageeffectsuponboldnessandalackof stabilityin abeha-
viouralsyndromeoverdevelopmentin thesampletested.Weshowthatdifferentialconsis-
tencycanbemaintaineddespiteageeffectson themagnitudeof personalitytraits,aswellas
showingthat thereis flexibility in thelinkagebetweenbehaviouraltraitsatdifferentlife stages.

Furtherwork couldrevealwhetherconsistentbehaviouralvariationisadaptivein thegroup
context;testingindividualsin isolationmaynot beatrue representationof their personalityin
agroupasbehaviourmaybemodifiedby theinfluenceof othergroupmembers[71] andiso-
latedindividualsmaybehavein aqualitativelydifferentwayto thosein groups[72]. Personal-
ity samplingin wild populationsmayalsoprovidecrucialinformation on themanypotential
factorspromotingpersonalityvariation[69], especiallysincethismayhaveasignificantimpact
uponsurvivalin thenaturalhabitat[53].

Supporting information
S1Fig.Sexdifferential nymph behaviouraltrait correlations.Directionsof correlations
betweenPC1scoresacrosstrials1 and2 (T1 andT2) for nymphs,separatedbysex,for the
threebehaviouraltraitsassayed(boldnessin a.malesandb. females,explorationin c.males
andd. females,socialityin e.malesandf. females).� = 22(10males,12females).
(TIF)

S2Fig.Sexdifferential adult behaviouraltrait correlations.Directionsof correlations
betweenPC1scoresacrosstrials1 and2 (T1 andT2) for adults,separatedbysex,for thethree
behaviouraltraitsassayed(boldnessin a.malesandb. females,explorationin c.malesandd.

Personality in cockroachesÐStability and age effects

PLOS ONE | https://doi.org/10.1371/journal.pone.0176564 May 10, 2017 18 / 23



females,socialityin e.malesandf. females).� = 63(28males,35females).
(TIF)

S3Fig.Sexdifferential behaviouraltrait correlationsacrosslife stages.Directionsof corre-
lationsbetweenPC1scoresfor individualsacrosslife stages,separatedbysex,for thethree
behaviouraltraitsassayed(boldnessin a.malesandb. females,explorationin c.malesandd.
females,socialityin e.malesandf. females).� = 19(7 males,12females).
(TIF)

S4Fig.Magnitudeof ageeffects.Barchartsfor a.malesandb. femalesshowingthemeanand
standarderror changein eachbehaviouralmeasurefrom nymphto adult life stages.Beha-
viouralmeasuresquantifyboldness(latencyfor head,B1,andbody,B2,to emerge;latencyto
moveantennae,B3andhead,B4;latencyto initiate locomotion,B5),exploration(latencyto
crosscentreline,E1;no.sectorsexplored,E2;total time taken,E3)andsociality(latencyto
reach,S1,andtouch,S2,conspecifics;total time with conspecifics,S3).� = 19(7 males,12
females).
(TIF)

S5Fig.Nymph differential consistency.Plotsof Spearman'srankcorrelationsshowinglevels
of differentialconsistencyin nympha.boldness,b. explorationandc.sociality.� = 24.
(TIF)

S6Fig.Adult differential consistency.Plotsof Spearman'srankcorrelationsshowinglevels
of differentialconsistencyin adulta.boldness,b. explorationandc.sociality.� = 63.
(TIF)

S7Fig.Differential consistencyacrosslife stages.Plotsof Spearman'srankcorrelations
showinglevelsof differentialconsistencyin a.boldness,b. explorationandc.socialityacross
life stages.� = 19.
(TIF)

S1Table.Behaviouralmeasuredescriptivestatistics.Meanandstandarderror for each
behaviouralmeasurefor eachlife stage(ªcombinedmeanº),with meansandstandarderrors
alsopresentedseparatelyfor malesandfemales.All valuesarein secondsexceptfor thenum-
berof sectorsexplored.Samplesizesare223rd instars(10male,12female)and63adults(28
male,35female).
(DOCX)

S1Appendix. Sex-specificdifferential consistencyanalysesandsex-specificageeffects
analyses.
(DOCX)

S2Appendix. Completedatasetcontaining all raw datausedfor personalityanalyseson
���������	 �
���	�	.
(XLSX)
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