


andmatelocationmaydiffer bynecessitywhenpopulationsarelow,andconspecificsrare,as
comparedto high-densitypopulationswhereconspecificsareabundant.State-dependentlife
historystrategies[5±10]havebeendemonstratedamongdiverseinsectspecieswith distinct
populationphases[11±14].Althoughit isclearthat theevolutionof population-statedepen-
dentbehaviorsisanultimateadaptationto extremesin populationdensity[15], for mosterup-
tive forestinsectspeciestheproximatemechanism(s)bywhich individualsshift between
endemicandepidemicstrategies/behaviorsremainsunclear.

Maternaleffects,definedascausalinfluencesof thematernalgenotypeor phenotypeon off-
springphenotype[16], havebeenimplicatedin populationdynamicsof manytaxa(reviewed
by [17]). Forexample,nutritional qualityof foodresourcesavailableto mothersmayinfluence
thehealthandfecundityof offspring[18], andmaternalchoicesmaychangeoffspringgrowth
rateor behaviors[19±21].However,their preciseroleremainscontroversialsincefluctuations
in speciesabundancemayhavemanycauses[1,22].Recentevidencesuggeststhat theexpres-
sionof maternaleffectsmaybecontextdependent,influencingdifferenttraitsand/orcreating
uniquepatternsof trait expressionunderdifferentconditions[23]. Forexample,theinfluence
of maternalsize,age,or nutritional statuson offspringfitnesshasbeenshownto dependon
populationdensityfor abroadrangeof taxa[23±27].Context-dependentmaternaleffectsmay
becritical to theeruptivedynamicsof specieswith populationstate-dependentlife history
characteristicsby reinforcingtraitsspecificto endemicor epidemicpopulations.For instance,
if cooperativeattacksof welldefendedhosts,characteristicof manyepidemic-statebarkbeetle
species[3], areassociatedwith adensity-dependentmaternaleffect,thenthecooperativeepi-
demicstrategywill bereinforcedacrossgenerationsviaenhancedaccessto additionalwell
defendedhostsassociatedwith increasedpopulationdensity(i.e.positivefeedback).Givenevi-
dencethat thefrequencyandseverityof outbreaksbysomeeruptiveforestinsectsmaybe
increasingdueto climatechangeandotheranthropogenicmodificationsto theenvironment
[28,29],aclearunderstandingof thecomplexconstraintson endemicandepidemicphasesof
thesespeciesis requiredto predictandmitigateimpendingoutbreaks.

Mountain pinebeetle(Dendroctonus ponderosae Hopkins) isaneruptivebarkbeetle(i.e.
subcorticalherbivore)thatdisplaysdistinctendemicandepidemicpopulationphasesin pine
forestsof westernNorth America[3,11,30].Theendemicstateis thenormativecondition for
themountainpinebeetle,andischaracterizedbyverylow-densitypopulations(several
femalesperhectareof forest)thatpreferentiallycolonizedefensivelyimpairedtrees,thatare
oftenoccupiedby interspecificcompetitors[11,30,31].Whenconditionsfacilitateanincrease
in generationsurvival,allowingnumbersto increasebeyondthethresholddensityfor success-
ful cooperative(i.e.,mass)attackof large-diameter,healthytrees[30], beetlesundergoaden-
sity-dependentshift in hostpreferenceandwill selectivelycolonizehighlydefendedtrees[11].
Uniquelife-historystrategiesareassociatedwith eachpopulationstate.Endemicbeetlesmust
locateexceedinglyrareandephemeral,susceptible(i.e.defensivelyimpaired)treesthatcom-
prisenutritionally suboptimalresources(thin phloem)[32], andthencontendwith potentially
high levelsof interspecificcompetition[30,33].Bycontrast,virtually all maturepinetreesare
susceptibleto epidemicbeetles;however,thebeetlesmustcopewith theaggressivedefensive
chemicalsproducedbyhealthytrees,andaccommodatehigh levelsof intraspecificcompeti-
tion that resultsfrom massattacks[30]. Cooperativemassattacksbyepidemicbeetlesare
facilitatedbyacomplexsynergismof host-produced(kairomones)andbeetle-produced(pher-
omones)volatilechemicals[34], andby theintroduction of mutualisticphytopathogenic
ophiostomatoidfungi andvariousbacteriaandothermicrobesduring colonization[35±38].
Althoughtheshift betweenendemicandepidemicbehaviorsby themountainpinebeetleis
derivedfrom changesin populationdensity[11], themechanism(s)bywhichbeetlesdeter-
mine theappropriatebehaviorsandstrategieshavenot beenthoroughlyinvestigated.
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Thethresholdpopulationdensitythatdefinesthetransitionbetweenendemicandepidemic
statesfor themountainpinebeetleisdeterminedby thedefensivecapacityof healthyhost
treeswith thick phloem[30]. For Pinus spp.,defensesagainstbarkbeetlesrelyprimarily on the
productionof secondarymetabolites,mostnotablymonoterpenes[39±41].Fieldstudiessug-
gestthat foragingfemalemountainpinebeetlesassessmonoterpenecontentgustatoriallyto
determinehostquality,quantifydefensivecapability,andacceptor rejectapotentialhost
[11,42±44].Giventhat thechoiceof ahostby femaleinsectherbivorescomprisesapotential
maternaleffect[16], andfor themountainpinebeetlethatchoicevariesbasedon population
state[11], weinvestigatedtheroleof maternalhostchoice(i.e.thestate-dependentstrategy)
andoffspringdevelopmentalexperience(i.e.thecontext-dependentmaternaleffect)on subse-
quenthostpreferencebymountainpinebeetle.More specifically,usinglaboratoryexperi-
mentswecriticallyevaluatedthehypothesisthathostacceptanceby foragingmountainpine
beetleswill beinfluencedbydensity-dependentmaternalhostchoice.Wepredictedthat the
progenyof low-densityfemalesdevelopingin poorlydefendedhosts(i.e.endemicbehavior)
will acceptsubstratesindicativeof low hostdefenses,whereastheprogenyof high-density
femalesfrom welldefendedhosts(i.e.epidemicbehavior)will not.

Materials and methods

Mountain pine beetle collection

In Septemberof 2012,2013,and2014,severalnaturallymass-attackedlodgepolepinetrees
werefelledfrom epidemicinfestationsnearLillooet (N 50.684Ê,W 121.936Ê),BaldyMountain
(N 49.110Ê,W 119.117Ê),andGrandForks(N 49.029Ê,W 118.445Ê),southernBritishColum-
bia,Canada.Permissionto removematerialwasprovidedby theBritish ColumbiaMinistry of
Forests,Lands,andNaturalResourceOperations.Thesewerecut into ca.75-cm-longbolts
andtransportedto theForestInsectDisturbanceEcologyLaboratory(FIDEL)atTheUniver-
sityof BritishColumbiain Vancouver.Theendsof theboltsweresealedwith paraffinwaxto
preventdesiccation,andtheboltswereplacedin cages(2m× 2m× 1mwoodenboxes,with 0.5
mm screensidepanels)at room temperatureuntil beetlescompletedtheir developmentand
emerged(~4±6weeks).Beetleswerecollectedfrom thesidesandtop of thecages,segregated
bysexbaseduponstridulation[45,46],andeitherassignedto anendemicor epidemicpopula-
tion statesimulationasdescribedbelow.

Endemic simulation

Giventhatendemicmountainpinebeetlepopulationsarecharacterizedby isolatedattackson
vigor-impaired,small-diametertreeswith thin phloem[30,31],theseconditionswererecreated
in thelaboratoryto producebeetleswith thepotentialfor endemicbehavior.Severalsmall(<20
cmdiameterat1.3m) lodgepolepinetreeswereharvestedin theautumnfrom anuninfested
standnearWhistler,BritishColumbia(N 50.115Ê,W 122.957Ê),cut into 30-cm-longbolts,sealed
with paraffinwaxandtransportedto thelaboratory.In thelab,one8-mmholewaspunched
throughthebarknearthebottomof eachbolt.A newlyemergedfemalebeetlewasplacedinto a
2mL Eppendorf1vial (Fisher-Scientific1)with theendsnippedoff andtheopenendplaced
into thehole,suchthat thefemalecouldinitiate tunnelingbeneaththebark.Vialswereleft in
placefor 24hoursandthenassessedfor thepresenceof boringdustindicativeof successful
entry.Femalesthatdid not enterwerereplacedbyanotherfemalefor anew24-hourperiod,
until successful.Oncefemaleshadsuccessfullyestablishedin thebolts,onemalewasrechecked
for stridulation,thenplacedinto thegalleryentrance,wheretheyimmediatelyenteredandiniti-
atedmating.Only onematingpair wasintroducedinto thesesuboptimal(i.e.small-diameter)
bolts,therebysimulatingmaternalhostchoicetypicalof endemicpopulationphases.
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Infestedboltswereplacedin individual endemicsimulationchamberscreatedfrom a19L
(30cmdia× 36cmht) bucket(TheHomeDepot1)with six,5-cm-diametermesh-covered
holeson thesidewall.Onebolt wasplacedin thebucket,andthenthetop wascoveredwith
screeningandsecuredwith string.Bucketswereplacedin individual rooms(�10m apart,sep-
aratedbymultiple walls)in theUniversityof BritishColumbiaForestSciencesCentreto keep
themisolatedfrom eachotherandminimize thepotentialfor interactionbetweennon-sibling
conspecificsduring offspringdevelopment.Ambient temperaturein all roomswasmaintained
between20±22ÊCby theclimatecontrol of thebuilding.

Endemicsimulationchamberswerecheckedthreetimesdaily to minimizecontactamong
emergingbeetles,andanybeetlesfoundweresegregatedbysex.Femalebeetleswereimmedi-
atelyplacedinto individual 20mL glassvials,containingasmallpieceof foldedfilter paper,to
assistthemin stayingupright. In emptyglassvials,beetleswill oftenoverturnandbeunableto
right themselves,andmaydie from exhaustion(J.Burke±personalobservation).Maleswere
eitherkeptfor usein othertrials,or discarded,ashostselectionbymountainpinebeetlesis
conductedexclusivelyby females[30]. Dispersingbeetleswill searchfor hostsfor up to several
days[47]. Therefore,to simulateforagingconditionsfor low-densitypopulations,individual
femalesin their glassvialswereplacedinto 120mL plasticspecimencontainers,alongwith
about10lodgepolepineneedlesand1mL of distilledwater,whichwerethensealedandplaced
in afumehoodundernaturallight for 48hours.Needleswereprovidedasacueto indicate
that thebeetleswerein thevicinity of hosttrees.Thismethodsimulatedtheforagingperiod
post-emergence,but without thepotentialfor interactionwith conspecifics.

Epidemic simulation

Epidemicsimulationwasachievedusingbeetlesfrom thesourcepopulation.Theboltscol-
lectedfrom thenaturallymass-attackedtrees(> 25cmdiameterat1.3m) from activeinfesta-
tionsrepresentedin situ epidemicmaternalhostchoice.To ensurethepotentialfor epidemic-
statematernaleffectsto manifestin progeny,boltsweregroupedwithin emergencecagesin a
singleroom,andbeetleswerecollectedevery48hoursfor usein trials,to maximizetheir
potentialfor interactionwith conspecifics.Beetleswerealwayscollectedfrom thetop or the
sidesof thecageandneverfrom thelogsurfaceor thefloor to ensuretheywerevigorousand
minimize thechanceof collectinganewlyemergedbeetlethathadnot hadachanceto interact
with conspecifics.

Simulated phloem

Semi-artificialphloemdiet comprisingdenaturedlodgepolepinephloem,agar,water,and
syntheticmonoterpeneswasusedto simulatethesub-corticalenvironmentoccupiedby the
mountainpinebeetle.Thisapproachwasmodeledafterprevious,successfulexperiments
usingotherbarkbeetle-conifersystems[12,13,48,49].Additional lodgepolepineboltsfrom
maturetreescollectedfrom theWhistlerstandwerestrippedof their outerbark,whichwas
discarded,thenof thephloemtissuebeneath,usingadrawknife.Harvestedphloemtissuewas
submergedin liquid nitrogen,crushedinto small(ca.1x1cm) piecesusingalargemortar and
pestle,andthenquicklyplacedinto acoffeegrinder(BlackandDecker1modelCBG100S)
andpulverized.Groundphloemwasrun througha0.5mm sieve,andthenput into anauto-
claveat105ÊCfor 20mins to removetheexistingvolatilemonoterpenes[50]. A mixtureof
agar(FisherScientific1BP1423-500)anddistilledwaterat60g/L wascreated,and300mL of
agarsolutionwasaddedto 200gof groundphloemandmixedevenly.Theresultingmixture
was~70%moisture,byweight.Moisturecontentwascheckedfor eachnewphloembatchby
weighing,thendrying samplesin adrying ovenat70ÊCfor 24hoursandreweighing.
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Small(60mm diam.× 15mm ht.) Petriplates(Fisherbrand1FB0875713A)weretextured
on theinsideusingcoarse-gritsandpaperto allowbeetlesto maneuverwithin thearenaand
achievepurchaseon theplasticsurfacewhenboring into thesimulatedphloem.A triangular
pieceof wood(60× 42× 42mm) wasinsertedinto thearena,with thehypotenuseof thetrian-
glebisectingthearena,andapproximately10gof diet waspressedinto theemptyhalf.Pre-
pareddisheswereplacedinto adrying ovenat70ÊCfor 1.5hours,andafterdrying, thewood
insertwasremoved(Fig1A).

Fig 1. A photo of an arena and technical drawings of the setup of the assay used to determine the effect

of population state on substrate acceptance by female mountain pine beetles; a) image of “half-moon”

configuration of artificial diet in petri dish, with an excavating mountain pine beetle, b) configuration of arena,

light, and camera for recording beetle activity, c) configuration of arenas and light during assay. Drawings are

not set to scale.

doi:10.1371/journal.pone.0172448.g001
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Monoterpene blend

Mountain pinebeetlescansuccessfullyreproducein mostNorth AmericanPinus species
[51,52].Consequently,beetlesmustcontendwith arangeof monoterpenesduring coloni-
zation.Forexample,two of themostcommonmonoterpenesin defensiveresinof pines,
(+)- and(-)-α-pinene,compriseasmuchasca.50±90%of jackpine(Pinus banksiana) resin
[53±59],but only ca.7±12%of whitebarkpine(Pinus albicaulis) resin[60]. A blendof mono-
terpeneswascreatedto representthemajorcomponentspresentin potentialPinus hosts.A
monoterpenesolutioncontaining50%(-)-β-phellandrenedistilledfrom lodgepolepinetur-
pentinewasobtainedfrom C.BreuilatUBC.At thetime of thisexperiment,β-phellandrene
wasnot availablefor purchasein purified form. Thischemicalwasrequiredasit is themajor
monoterpenecomponentof lodgepolepinephloemresin[53,58,61].Thesolutioncontained
additionalmonoterpenesthatwereintendedto beused,soratherthandistilling it further to
isolateβ-phellandrene,it wasaugmentedwith (+)- and(-)-α-pinene,(-)-β-pinene,myrcene,
3-carene,andlimonenefrom Sigma-Aldrich1(www.sigma-aldrich.com).Thefinal solution
comprisedthefollowingcomponentratios:32.6%racemicα-pinenes,32.6%(-)-β-pinene,
3.8%3-carene,10.6%myrcene,3.2%(-)-limonene,15.3%(-)-β-phellandrene,and1.9%terpi-
nolene.(-)-β-pineneand(-)-β-phellandrenearemajorcomponentsof lodgepolepineresin
[53], andtheremainingcomponentshavevariousbiologicalfunctionsin thissystem;3-carene
andlimonenearetoxic to beetles[62], andmyrceneandterpinolenearepheromonesynergists
[63]. Alpha-pineneisparticularlyimportant,asit isbothdetrimental[35] andbeneficial[53,
55,57,64]to foragingbeetles.Aliquotsof themonoterpenemixturewerethendiluted in pen-
tane[50] to 10%and50%(for 10and50mg/gtreatments),with theremainingleft at100%
monoterpeneconcentration(for 100mg/gtreatments).Approximately~115μL of theappro-
priatemonoterpenemixture (10,50,100%)wasaddedpergramof simulatedphloem(~700μL)
to thesurfaceof thesubstratein thepetri dishes,allowingtheliquid to penetrateanddistribute
evenly.Arenaswerethenleft uncoveredunderafumehoodfor 1hour to allowthepentaneto
evaporate[50]. In thisway,thesameamountof liquid wasaddedto eacharena,whileproducing
differentconcentrationsof monoterpenes.

Substrate acceptance versus population state

Oncethearenaswereprepared,onefemalemountainpinebeetleoffspring,eitherfrom the
mass-attackedboltsmaintainedin thelargeemergencecages(epidemicsimulation),or the
smallerboltsin theisolatedendemicsimulationchambers,wasplacedinto theemptysideof
anarena(Fig1A).Thelid of thepetri dishwaslabeledwith amarkerandplacedonto the
arena.Thesewerethenplacedonto afoamboard,andsecuredstandingata45Êangleto the
boardwith insectpins(Fig1B).Thisconfigurationensuredthatbeetlescouldright themselves
if theytippedover(J.Burke±personalobservation).Between6and8 replicatesof eachconcen-
tration treatmentwereusedin eachtrial. A smallfanwasplacednearthearenaboardto gently
moveair overthesurfaceandensurevolatileswouldnot accumulateoverthearenas.Each
arenawasangledin thesamedirection,facinga120-wattequivalent,full spectrumLEDflood
lamp(Philips1modelPAR38),to approximatedaylight(Fig1C).Dueto theprocessof rear-
ing,epidemicsimulationbeetlesweretestedfirst, thenendemicsimulationbeetlesweretested
ca.4±6weekslater,underidenticalconditions.

Onceall beetlesandarenaswerein place,thearenaboardwassituatedunderneathaLogi-
tech1HD ProC920webcamvideocamera,whichrecordedbeetleactivityfor 8 hours(Fig
1B).To clearlyseethebeetles,thecamerawassetto capturein greyscale(0%colorsaturation)
andlow colorcontrast.Theblackbeetleswereclearlyvisibleagainstthegreyandwhiteback-
groundof thearenaandfoamboardundertheserecordingconditions.A time-lapseseriesof
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photographswascreatedfrom still imagesusingChronolapse1softwareversion1.0.7(2010,
Collin Green,https://code.google.com/p/chronolapse/),which isanopen-sourcesoftware
application(http://opensource.org/licenses/mit-license.php).A picturewasrecordedevery30
minutesfor 8hours,at2304x 1296resolution.A beetlewasconsideredto haveacceptedthe
simulatedphloemwhenshehadenteredit completelyandherentirebodywasno longervisi-
ble.Preliminary,24-hourtrialsrevealedverylittle changein acceptance/rejectionafter8
hours,soall trialswerestoppedat this time-point.At theendof eachtrial, thearenaswerefro-
zenat -30ÊCfor 48hours,andthedeadbeetlewasexcavatedandthewidth of herpronotum
wasmeasured.Theelytrawerethenremovedandeachbeetlewascheckedfor sexuallydimor-
phiccharacteristics(sensu [65]) to confirm thesubjectwasfemale.Of 292totalbeetlestrialed
overthecourseof theexperiment,only 4 weremales(thatdid not stridulate),andthesewere
removedfrom theanalysis.

In total,38trialswererun with threeconcentrationtreatments.Seventrialsof 8 beetlesper
concentrationtreatmentwererun with beetlesfrom epidemicsimulations(168beetles).Num-
berof trialsrun perconcentrationtreatmentandbeetlespertrial variedwithin endemicsimu-
lation,asrearingbeetlesatsuchlow densitylimits thenumberof offspringavailableto trial at
anyonetime.Sixtrialsof 6±8beetleswererun for 10and50mg/gtreatments,and5 trialsof 8
beetleswererun for 100mg/gtreatments(124beetles).

Statistical analyses

All datawerepreparedusingMicrosoft1Excel1version16.0(Microsoft1,2015,Redmond
WA USA),andall statisticaltestswereperformedusingSAS1StatisticalSoftwareversion9.4
(SAS1Institute,2014,CaryNC USA).Themeanacceptanceratio (entered/non-entered)was
calculatedfor eachtrial of 6±8beetles,ateachhour of theeighthour trials(n = 38× 8).All
datawerearcsine(square-root)transformedto accountfor thetruncateddistribution of pro-
portion data[66]. PROCUNIVARIATE wasappliedto testtheassumptionsof normality and
equalityof variance.

Two-wayanalysisof variancewith interactionswasperformedusingPROCGLM, with pop-
ulation-statesimulationandconcentrationtreatmentsasmaineffects,on theacceptanceratio
after8hours.To morethoroughlyexaminetheinfluenceof juvenilerearingconditionson sub-
sequentadulthostacceptance,PROCGLM wasusedto assessvariationin substrateacceptance
bysimulatedendemicandepidemicbeetleswithin eachconcentrationtreatmentafter8hours.

To assesstheeffectof developmentalexperienceon therateof acceptance,arepeated-mea-
suresanalysisof variancewasperformedon datain time-seriesfrom 1±8hoursof exposure,
for eachconcentrationtreatmentusingPROCGLM with theREPEATEDstatement.The
interactionof time (i.e.ªrateº)andsimulationwasassessedto determineif therateof accep-
tancedifferedbetweensimulations,within eachconcentrationtreatment.

PROCGLM wasusedto performone-wayanalysisof varianceto determineif simulation
treatmentaffectedoffspringsize.Sincethethin phloemof defensivelyimpairedtreesmaylead
to smalleroffspring[32,65],andsmallbeetlesmaybelessableto overcomedefensesof larger,
healthyhosts[67], theeffectof bodysize(pronotalwidth) on beetleacceptancewasassessed
usinglogisticregression(PROCLOGISTIC)on theoriginal,binary(0/1) dataat8 hours,
within simulation,andwithin concentrationtreatments,to determineif largerbeetleswere
morelikely to accepthighmonoterpenesubstrates.

Results
Whenconsideredall together,femalemountainpinebeetlesacceptedsimulatedphloemabout
50%of thetime (Fig2).Approximately85%of beetlesthatacceptedthesimulatedphloemdid
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soafter5hours.Thosethatdid not initiate tunnelingspentmostof their time walkingon the
surfaceof thesimulatedphloemandin theemptysideof thearena.Threebeetlesremained
motionless,anduponinspectionafter8 hourswerefound to havediedduring thetrial and
wereremovedfrom analyses.Onceinitiated,tunnelingactivitylastedfor about2±3hours
(observedbyaccumulatingmaterialat theentrancesite).Occasionally,beetlesemergedfrom
thesimulatedphloem,likely dueto limited tunnelingspace,but thesewerestill consideredto
haveacceptedthediet.

Theconcentrationof monoterpeneswithin thesimulatedphloemsignificantlyaffectedthe
likelihoodthatafemalebeetlewouldminewithin it (F2,37= 6.69,p = 0.004)(Fig2,Table1).
Overall,beetlesweremorelikely to acceptthephloemwith thehighestconcentration(100mg/
g)overlowerconcentrationsatall time-steps,andwithin theepidemicsimulationacceptance
ratio wasdirectlyrelatedto monoterpeneconcentrationatall time-steps(Fig2).Althoughthere
wasno overalleffectof beetlerearingconditionon acceptanceof thephloemsubstratesamong
monoterpeneconcentrations,nor adetectableinteractionbetweensimulatedpopulationstate

Fig 2. Mean (±SE) acceptance ratio (accept/r eject) per trial (38 trials, 292 total beetles) of simulate d
phloem amended with three monoterpen e concentrat ions by female mountain pine beetles reared in
two population -density simulations over the course of 8-hour trials.

doi:10.1371/journal.pone.0172448.g002

Table 1. Summary statistics for analysis of variance tests of the effect of monoterpene concentr ation and simulated popul ation state on total
acceptan ce ratio of simulate d phloem by female mountain pine beetles, after 8 hours, and for tests segreg ated by concentrat ion treatment. Signifi-

cant (p��0.05) effects are shown in bold italics.

Source df Type III SS F p

Monoterpene concentration 2 0.983 6.05 0.006

Simulated population state 1 0.023 0.29 0.592

Concentration�simu lation 2 0.299 1.84 0.175

Total 37

10 mg/g

Simulated population state 1 0.293 6.24 0.030

Total 12

50 mg/g

Simulated population state 1 0.016 0.13 0.723

Total 12

100 mg/g

Simulated population state 1 0.012 0.17 0.686

Total 10

doi:10.1371/journal.pone.0172448.t001
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andconcentration(Fig3,Table1),acceptanceof thephloemsubstratewith thelowestmonoter-
peneconcentration(10mg/g)differedsignificantlybetweenepidemicandendemicbeetles
(F1,12= 6.24,p = 0.03).Theeffectof populationstatedid not persistat thehighermonoterpene
concentrationlevels(Fig3,Table1).

Theeffectof time (rate)wasalwayssignificantwithin concentrationtreatments(p<0.001)
(Table2).Furthermore,at thelowestandhighestmonoterpeneconcentrations,therateof ac-
ceptancewasdependentuponsimulatedpopulationstate.Therateof acceptancebyendemic
beetlesof 10mg/gtreatmentswassignificantlyhigher(F7,77= 2.15,p = 0.498),while their rate
of acceptanceof 100mg/gtreatmentswassignificantlylower(F7,63= 3.77,p = 0.002)thanthat
of epidemicbeetles(Fig3,Table2).

Pronotalwidthsrangedfrom 1.8±2.6mm with ameanof 2.27(± 0.01SE).Contraryto
expectation,bodysizeof beetlesfrom eachsimulationwerenot different(p = 0.65),andthere

Fig 3. Mean (±SE) acceptance ratio (accept/r eject) per trial (38 trials, 292 total beetles) of simulate d phloem
amended with three monoterpene concentr ation treatme nts by female mountain pine beetles, reared in two
population -density simulations over the course of 8-hour trials. Asterisks (�) indicate significant differences

(p��0.05) determined by analysis of variance.

doi:10.1371/journal.pone.0172448.g003

Table 2. Summary statistics for repeated measures analysis of variance tests on the effect of simulate d population state on the rate of acceptan ce
of simulate d phloem amended with different monoterpene concentr ations by female mountain pine beetles after 8 hours. Significant (p��0.05)

effects are shown in bold italics.

Source df Type III SS F p

10 mg/g

Rate 7 4.24 29.19 <0.001

Simulation 1 0.63 2.45 0.146

Rate�simul ation 7 0.33 2.15 0.049

Error(rate) 77 1.55

50 mg/g

Rate 7 4.37 19.51 <0.001

Simulation 1 0.11 0.14 0.711

Rate�simul ation 7 0.01 0.04 0.999

Error(rate) 77 2.47

100 mg/g

Rate 7 3.87 35.55 <0.001

Simulation 1 0.58 1.19 0.304

Rate�simul ation 7 0.41 3.77 0.002

Error(rate) 63 0.98

doi:10.1371/journal.pone.0172448.t002
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wasno effectof beetlebodysizeon thelikelihoodof acceptanceof phloematanymonoterpene
concentration(p = 0.64±0.96).

Discussion
State-dependentlife historystrategiesareinfluencedbycontext-dependentmaternaleffectsin
themountainpinebeetle.Thepropensityfor maternalexperienceto influencethepatternof
offspringhostacceptancewithin populationstatescanbeusedto elucidatecritical aspectsof
herbivore-treeinteractionsthatunderlayeruptivepopulationdynamics.Initial hostselection
by femalemountainpinebeetlesbeginswith foragingindividualsrandomlylandingon host
trees[68], followedbygustatoryassessmentof resincomponentsuponinitial breachof the
outerbark[44]. A beetlewill thenacceptor rejectthathostasafunction of populationstate,
andputatively,theconcentrationof monoterpenesin phloemresin[11]. In bioassays,deci-
sionsregardinghostacceptanceweremadebasedon monoterpeneconcentrationsin phloem
tissueevenin theabsenceof othercues.Thissupportstheassertionsof RaffaandBerryman
[44] thatbeetlesusegustatorystimulationto assesshosttreecondition,andBooneetal.[11]
thatdensity-dependent hostselectionby themountainpinebeetleisbasedon assessmentof
monoterpeneconcentrationin resin,andthat thisassociationisnot anartifactof othersearch
criteriaemployedby foragingbeetles.Theresultthatpopulation-statesimulationchanged
acceptancepatternsfurther reinforcestheassertionbyBooneetal.[11] that their preferences
for low or highconcentrationsareafunction of population-state.

Contraryto expectations,beetlebodysizehadno influenceon hostacceptance.Previous
work hasshownthatmountainpinebeetlebodysizeispositivelyrelatedto phloemthickness
of natalhosttrees[32,65,69],andhaspotentiallyimportant ramificationsto beetlefitness
throughits influenceon energyreserves[70], andability to detoxifyhost-treedefenses[67].
Therefore,theabsenceof apositiverelationshipbetweenbodysizeandacceptanceof increas-
ingly defensivesubstrateswassurprising.However,parentalbeetlesusedin this investigation
wereon averagelargerandnot representativeof thefull rangeof sizesobservedin previous
assessmentsthatconsideredmountainpinebeetlebodysize[67,71],andthereforeanyeffect
of bodysizemayhavebeenmasked.Thepotentialfor reducedoffspringbodysizeresulting
from developmentin nutritionally suboptimalhostswould likely reinforcetheir preferencefor
low concentrationsof monoterpenes,giventherelationshipbetweensizeanddetoxification
potential[67]. A similarmechanismwasproposedbyGinzburgandTanneyhill[18] asaregu-
lator of populationcyclesin forestLepidoptera.

Variation in thelikelihoodof acceptanceof host-treedefensesasafunction of maternal
experienceprovidesvaluableinsightsinto thestate-dependentlife historiesof themountain
pinebeetleandothereruptivebarkbeetles,andthetransitionbetweenstatesleadingto popu-
lation eruptionsandcollapse.Maternalendemicbehavior(isolatedattacksof suboptimal
hosts),resultsin offspringthataremorelikely to acceptpoorlydefendedsubstrates,whereas
maternalepidemicbehavior(massattacksof healthytrees)leadsto offspringthataremore
likely to rejectpoorlydefendedsubstrates.Thissuggeststhat in nature,offspringfrom mothers
whichselectimpairedhostswill haveagreaterpropensityto alsoselectanimpairedhost,
increasingthechancesof persistenceoverlocalextirpationin low-densitiesdueto thestrong
Alleeeffectsassociatedwith athresholddensityrequiredto attackhealthytrees[72±74].
Endemicoffspringwereslowto accept,but did not rejectdefensivesubstratesafter8 hours.
However,thismaybeduein part to thefeeding-stimulantpropertiesof monoterpenes[44]
combinedwith thefactthatbeetlescouldnot leavethearena.Regardless,thisvariationmay
haveimplicationsfor thetransitionfrom theendemicto theepidemicphase.During the
endemicphase,if generationmortality is reduceddueto adensity-independentperturbation
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suchasmild winter temperaturesor droughtleadingto reducedtreedefensivecapacity
[75,76],thenoffspringwill interactwith moreconspecificsduring development,potentially
triggeringepidemicbehaviorandattackson defensivehosts.Furthermore,phenotypicplastic-
ity in theresponseof endemicoffspringmayleadto asynergisticreinforcementof this transi-
tion by thoseoffspringwith thecapacityto acceptwell-defendedhosts,thusfacilitatingthe
rapid transitionfrom endemicto epidemicpopulation-phasecharacteristicof mountainpine
beetledynamics[11,30].

In contrast,mostoffspringfrom epidemicmothersrejectedlow concentrationsof monoter-
penes,andthosethatdid acceptwereslowto do so,evenwhengivenno choice.Thismeans
thatanepidemicpopulationin situ hasaverystrongpropensityto persist,andis resilientto
collapseevenfollowinganextremedensity-independentmortality eventsuchasanextremely
coldwinter [30]. Thestrongreinforcementof epidemichostselectionbymaternalexperience
is theproximatemechanismbehindpositivefeedbacksassociatedwith thispopulationphase
at thestandandlandscapescale[3]. Offspringof epidemicparentsaremostlikely to pursuea
well-defended,nutritionally optimalhostundermostconditions.If optimalhostsareabun-
dant,reinforcementof theepidemicchoicewill resultin manyof thesehostsbeingcolonized,
increasingthepotentialto colonizeevenmoreoptimalhostsin thefollowingyear,rapidly
leadingto astand-leveloutbreak.If optimalstandsareabundanton thelandscape,beetlesdis-
persinginto adjacentstandswill takewith themastrongpropensityfor epidemicselection,
evenif theyinitially arrivewithout manyconspecifics.If enoughbeetlesjoin them,aggregation
will besuccessful,thestand-levelepidemicprocesswill initiate,andtheoutbreakwill propa-
gate.Thus,reinforcementof epidemic-phasehostselectionbehaviorbycontext-dependent
maternalexperiencecanleadto alandscape-scaledisturbanceevent.

Strongreinforcementof epidemicbehaviorbymaternalexperiencealsomeansmountain
pinebeetlepopulationswill rapidlydepletethelocalsupplyof optimalhostsandcollapse;a
commonobservationduring epidemics[30,37,65,77,78].Eventualhostdepletionmeansit is
inevitablethatagenerationof motherswill find themselveswithout largetreesto attackor
insufficientconspecificsto aggregate,andbeathighrisk for localextinction.Giventhatmater-
nalexperienceinfluencesoffspringhostacceptance,thepropensityfor endemicbehaviorwill
increaseandpopulationswill transitionbackto theendemicstate.Indeed,this transition
appearsto happenveryquickly.Endemicmothersemployedin experimentswererearedas
epidemicoffspringuntil introducedinto defensivelyimpairedlogsin isolatedconditions,lead-
ing to endemicbehaviorin their offspring.Thus,theinfluenceof populationstate-dependent
maternaleffectscanmanifestin asinglegenerationto bothminimize thelikelihoodof local
extirpation,andmaximizethepotentialfor outbreak.

Evidencefor theinfluenceof context-dependentmaternaleffectson mountainpinebeetle
eruptivedynamicscanbeextendedto theconsiderationof theimpactsof climatechangeon
landscape-scaleforestdisturbancesbyothereruptiveforestinsectsystems.Herbivorousforest
insectsin Holarcticregionsoftendo not occupythemorenorthernrangeof their hosts,mean-
ing that thepotentialfor nativeinvasionishigh [78±81].Indeed,increasingtemperatureshave
ledto rangeexpansionandshiftsinto novelhabitatsfor severaleruptiveforestinsects[79,82±
84].Furthermore,novelhabitatsmayexhibit insufficientlycoevolveddefensivetraits that
increasehostsusceptibility[53,55±57,60,77].Weakhostdefensesmayleadto reducedgenera-
tion mortality of eruptiveinsects,increasingthepropensityfor epidemicbehavior,enhance
positivefeedbacksassociatedwith thisphase,andexacerbatethefrequencyandmagnitudeof
outbreaks.A morethoroughunderstandingof theproximatecausesleadingto eruptionsis
requiredto improvepredictionsandmitigatethebiologicalconsequencesof continuedclimate
change.
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