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andmatelocationmaydiffer by necessityvhenpopulationsarelow, and conspecificgare,as
comparedo high-densitypopulationswhereconspecificareabundant State-dependetiife
history strategie$5+10]havebeendemonstratecamongdiverseinsectspeciesvith distinct
populationphase$l11+14].Althoughit is clearthatthe evolutionof population-statelepen-
dentbehaviords anultimate adaptationto extremesn populationdensity[15], for mosterup-
tive forestinsectspecieshe proximatemechanism(shy which individualsshift between
endemicandepidemicstrategies/behavioremainsunclear.

Maternaleffectsdefinedascausalnfluencesof the maternalgenotypeor phenotypeon off-
springphenotypg16], havebeenimplicatedin populationdynamicsof manytaxa(reviewed
by [17]). Forexamplenutritional quality of food resourcesvailabléo mothersmayinfluence
the healthandfecundityof offspring[18], and maternalchoicesmaychangeoffspringgrowth
rateor behaviorg19+21].However their preciserole remainscontroversiakincefluctuations
in speciesbundancenayhavemanycause$l,22].Recenevidencesuggestthatthe expres-
sionof maternaleffectanaybe contextdependentinfluencingdifferenttraits and/or creating
unique patternsof trait expressiorunder differentconditions[23]. For exampletheinfluence
of maternalsizeageor nutritional statuson offspringfithesshasbeenshownto dependon
populationdensityfor abroadrangeof taxa[23+27].Context-dependerntnaternaleffectamay
becritical to the eruptivedynamicsof speciesvith populationstate-dependetiife history
characteristic®y reinforcingtraits specificco endemicor epidemicpopulationsForinstance,
if cooperativaattacksof well defendechosts characteristiof manyepidemic-statdark beetle
specie$3], areassociatewith adensity-dependemnnaternaleffectthenthe cooperativeepi-
demicstrategywill bereinforcedacrosgyenerationviaenhancediccesto additionalwell
defendechostsassociatewith increasegopulationdensity(i.e. positivefeedback)Givenevi-
dencethatthe frequencyandseverityof outbreakdy someeruptiveforestinsectamaybe
increasingdueto climatechangeandotheranthropogenianodificationsto the environment
[28,29],aclearunderstandingpf the complexconstraintson endemicand epidemicphase®f
thesespeciess requiredto predictand mitigateimpendingoutbreaks.

Mountain pine beetlg(Dendroctonus ponderosae Hopkins)is aneruptivebark beetle(i.e.
subcorticaherbivore)that displaysistinct endemicand epidemicpopulationphaseén pine
forestsof westernrNorth America[3,11,30].Theendemicstateis the normativecondition for
themountain pine beetleandis characterizedy verylow-densitypopulations(several
femalegerhectareof forest)that preferentiallycolonizedefensivelympairedtreesthat are
oftenoccupiedby interspecificcompetitorg11,30,31]Whenconditionsfacilitateanincrease
in generatiorsurvival,allowingnumbersto increasébeyondthe thresholddensityfor success-
ful cooperativdi.e.,masshttackof large-diameterhealthytreeg30], beetlesindergoa den-
sity-dependenshiftin hostpreferenceandwill selectivelgolonizehighly defendedrees11].
Uniquelife-history strategiesreassociatewith eachpopulationstate Endemicbeetlesnust
locateexceedinglyareandephemeralsusceptibléi.e.defensivelympaired)treesthat com-
prisenutritionally suboptimalresourcegthin phloem)[32], andthencontendwith potentially
high levelsof interspecificcompetition[30,33].By contrast virtually all maturepine treesare
susceptibléo epidemicbeetleshoweverthe beetlesnustcopewith theaggressivdefensive
chemicalproducedby healthytrees andaccommodatéigh levelsof intraspecificcompeti-
tion thatresultsfrom massattackgd30]. Cooperativenassattackshy epidemicbeetlesare
facilitatedby acomplexsynergisnof host-producedkairomonesandbeetle-producedpher-
omones)volatilechemicalg34], andby theintroduction of mutualisticphytopathogenic
ophiostomatoidungi andvariousbacterisand other microbesduring colonization[35+38].
Althoughthe shift betweerendemicand epidemicbehaviordy the mountain pine beetleis
derivedfrom changesn populationdensity[11], the mechanism(shy whichbeetlesleter-
mine the appropriatebehaviorsaandstrategiesiavenot beenthoroughlyinvestigated.
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Thethresholdpopulationdensitythat definesthetransition betweerendemicand epidemic
statedor the mountainpine beetleis determinedby the defensiveapacityof healthyhost
treeswith thick phloem[30]. For Pinus spp.,defenseagainsbark beetlesely primarily on the
production of secondarynetabolitesmostnotablymonoterpene$39+41].Fieldstudiessug-
gestthatforagingfemalemountain pine beetleassessionoterpenecontentgustatoriallyto
determinehostquality, quantify defensivecapability,and accepbr rejectapotentialhost
[11,42+44]Giventhat the choiceof ahostby femaleinsectherbivorescomprisesa potential
maternaleffect{16], andfor the mountain pine beetlethat choicevariesbasedn population
state[11], weinvestigatedherole of maternalhostchoice(i.e.the state-dependersdtrategy)
andoffspringdevelopmentaéxperiencdi.e.the context-dependentnaternaleffect)on subse-
guenthostpreferencdyy mountain pine beetle More specificallyusinglaboratoryexperi-
mentswecritically evaluatedhe hypothesighat hostacceptancby foragingmountainpine
beetlesill beinfluencedby density-dependenhaternalhostchoice We predictedthat the
progenyof low-densityfemaleglevelopingn poorly defendechosts(i.e.endemicbhehavior)
will accepsubstrateindicativeof low hostdefensesyhereashe progenyof high-density
femaledrom well defendechosts(i.e.epidemicbehavior)will not.

Materials and methods
Mountain pine beetle collection

In Septembeof 20122013 and 2014 severahaturallymass-attacketbdgepolepinetrees
werefelledfrom epidemicinfestationsearLillooet (N 50.6848) 121.936EBaldyMountain
(N 49.1108) 119.117EandGrandForks(N 49.0298) 118.445E¥)outhernBritish Colum-
bia, CanadaPermissiorto removematerialwasprovidedby the British ColumbiaMinistry of
Forestsl.ands,andNaturalResourc&®perationsThesenerecutinto ca.75-cm-longbolts
andtransportedo the ForestinsectDisturbanceEcologyl aboratory(FIDEL) at The Univer-
sity of British Columbiain VancouverTheendsof the boltsweresealedvith paraffinwaxto
preventdesiccationandthe boltswereplacedn cage$2m x 2m x 1mwoodenboxeswith 0.5
mm screersidepanelsiatroom temperatureuntil beetlecompletedtheir developmenand
emerged~4+6weeks)Beetlesverecollectedrom the sidesandtop of the cagessegregated
by sexbasedupon stridulation[45,46],andeitherassignedo anendemicor epidemicpopula-
tion statesimulationasdescribedelow.

Endemic simulation

Giventhatendemicmountain pine beetlepopulationsarecharacterizedby isolatedattackson
vigor-impaired,small-diametetreeswith thin phloem[30,31],theseconditionswererecreated
in thelaboratoryto producebeetlesvith the potentialfor endemicbehavior Severasmall(<20
cmdiameterat 1.3m) lodgepolepine treeswereharvestedn the autumnfrom anuninfested
standnearWhistler, British Columbia(N 50.1158) 122.957Egutinto 30-cm-longbolts,sealed
with paraffinwaxandtransportedo thelaboratory.In the lab,one8-mm holewaspunched
throughthe bark nearthe bottom of eachbolt. A newlyemergedemalebeetlenvasplacednto a
2 mL Eppendorf®yvial (Fisher-Scientific®ith the endsnippedoff andthe openendplaced
into the hole,suchthat the femalecouldinitiate tunnelingbeneaththe bark. Vialswereleftin
placefor 24hoursandthenassesseor the presencef boring dustindicativeof successful
entry.Femaleshatdid not enterwerereplacedy anotherfemalefor anew24-hourperiod,
until successfuDncefemaledadsuccessfullgstablishedh the bolts,onemalewasrechecked
for stridulation,then placednto the galleryentrancewheretheyimmediatelyenteredandiniti-
atedmating.Only onematingpair wasintroducedinto thesesuboptimal(i.e. small-diameter)
bolts,therebysimulatingmaternalhostchoicetypical of endemicpopulationphases.
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Infestedboltswereplacedn individual endemicsimulationchambersreatedrom a19L
(30cmdiax 36cm ht) bucket(The Home Depot®)with six,5-cm-diametemesh-covered
holeson the sidewall Onebolt wasplacedn the bucket,andthenthetop wascoveredwith
screeningand securedwith string. Bucketsvereplacedn individual rooms(>10m apart,sep-
aratedoy multiple walls)in the Universityof British ColumbiaForestScience€entreto keep
themisolatedfrom eachotherand minimize the potentialfor interactionbetweemon-sibling
conspecificsluring offspringdevelopmentAmbient temperaturan all roomswasmaintained
betweer20+22E®y the climatecontrol of the building.

Endemicsimulationchamberaverecheckedhreetimesdaily to minimize contactamong
emergingoeetlesandanybeetlegound weresegregatetly sex Femalebeetlesvereimmedi-
atelyplacednto individual 20mL glassials,containinga smallpieceof foldedfilter paperto
assisthemin stayingupright. In emptyglassvials,beetlewill oftenoverturnandbeunableto
right themselvesandmaydie from exhaustion(J.Burkexpersonabbservation)Maleswere
eitherkeptfor usein othertrials,or discardedashostselectiorby mountain pine beetless
conductedexclusivelyy femaleg30]. Dispersingoeetlewill searcHor hostsfor up to several
dayg47]. Thereforeto simulateforagingconditionsfor low-densitypopulationsjndividual
femalesn their glassvialswereplacedinto 120mL plasticspecimercontainersalongwith
about10lodgepolepine needlesand 1 mL of distilled water,whichwerethensealedndplaced
in afumehoodundernaturallight for 48hours.Needlesvereprovidedasacueto indicate
thatthe beetlesverein thevicinity of hosttrees.This methodsimulatedthe foragingperiod
post-emergencdaut without the potentialfor interactionwith conspecifics.

Epidemic simulation

Epidemicsimulationwasachievedisingbeetlegrom the sourcepopulation.Theboltscol-
lectedfrom the naturallymass-attackettees(> 25cm diameterat 1.3m) from activeinfesta-
tionsrepresentedr situ epidemicmaternalhostchoice.To ensurethe potentialfor epidemic-
statematernaleffectso manifestin progeny boltsweregroupedwithin emergenceagesn a
singleroom, andbeetlesverecollectedevery48hoursfor usein trials,to maximizetheir
potentialfor interactionwith conspecificsBeetlesverealway<ollectedrom thetop or the
sidesof the cageandneverfrom thelog surfaceor thefloor to ensuretheywerevigorousand
minimize the chanceof collectinganewlyemergedeetlethat hadnot hadachanceo interact
with conspecifics.

Simulated phloem

Semi-artificialphloemdiet comprisingdenaturedodgepolepine phloem,agar water,and
syntheticmonoterpenesvasusedto simulatethe sub-corticalenvironmentoccupiedby the
mountain pine beetleThis approachwasmodeledafterprevious successfidxperiments
usingotherbarkbeetle-conifesystem$12,13,48,49]Additional lodgepoleine boltsfrom
maturetreescollectedrom the Whistler standwerestrippedof their outerbark,whichwas
discardedthenof the phloemtissuebeneathyusingadrawknife. Harvestedohloemtissuewas
submergedn liquid nitrogen,crushednto small(ca.1x1cm) piecesusingalargemortar and
pestleandthenquickly placednto acoffeegrinder (Blackand Decker®modelCBG100S)
andpulverized Ground phloemwasrun througha0.5mm sieveandthenput into anauto-
claveat 105EGor 20mins to removethe existingvolatilemonoterpene$50]. A mixture of
agar(FisherScientific®BP1423-500anddistilled waterat 60g/L wascreatedand 300mL of
agarsolutionwasaddedto 200g of ground phloemandmixedevenly . Theresultingmixture
was~70%moisture by weight.Moisture contentwascheckedor eachnewphloembatchby
weighing thendrying samplesn adrying ovenat 70EGor 24hoursandreweighing.
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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, ¢) configuration of arenas and light during assay. Drawings are
not set to scale.

doi:10.131/journal.pon@172448.g001

Small(60mm diam.x 15mm ht.) Petriplateg(Fisherbrand RFB0875713Aeretextured
ontheinsideusingcoarse-grisandpapeto allowbeetleso maneuvemwithin the arenaand
achievepurchasen the plasticsurfacevhenboring into the simulatedphloem.A triangular
pieceof wood (60 x 42 x 42mm) wasinsertedinto thearenawith the hypotenusef the trian-
glebisectingthe arenaandapproximatelylOg of dietwaspressednto the emptyhalf. Pre-
pareddisheswereplacedinto adrying ovenat 70ECor 1.5hours,andafterdrying, thewood
insertwasremoved(Fig 1A).
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Monoterpene blend

Mountain pine beetlexansuccessfullyeproducein mostNorth AmericanPinus species
[51,52].Consequentlybeetlesnustcontendwith arangeof monoterpenesiuring coloni-
zation.For examplefwo of the mostcommonmonoterpenen defensiveesinof pines,

(+)- and(-)-a-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-
terpenesvascreatedo representhe major componentgresentin potential Pinus hosts A
monoterpenesolutioncontaining50%(-)-p-phellandrendlistilled from lodgepolepine tur-
pentinewasobtainedfrom C. Breuilat UBC. At thetime of this experiment$-phellandrene
wasnot availabldor purchasen purified form. This chemicaWwasrequiredasit is the major
monoterpenecomponentof lodgepolepine phloemresin[53,58,61]The solutioncontained
additionalmonoterpeneshatwereintendedto beused soratherthandistilling it further to
isolatep-phellandreneit wasaugmentedvith (+)- and(-)-a-pinene,(-)-p-pinene, myrcene,
3-careneandlimonenefrom Sigma-Aldrich®(www.sigma-aldrich.com)lhefinal solution
comprisedthefollowing componentratios:32.6%racemico-pinenes32.6%(-)-p-pinene,
3.8%3-carene10.6%myrcene 3.2%(-)-limonene,15.3%-)-p-phellandreneand 1.9%terpi-
nolene.(-)-p-pineneand (-)-B-phellandrenearemajor componentof lodgepoleineresin
[53], andthe remainingcomponentdavevariousbiologicalfunctionsin this system3-carene
andlimonenearetoxic to beetle§62], and myrceneandterpinolenearepheromonesynergists
[63]. Alpha-pineneis particularlyimportant, asit is both detrimental[35] and beneficial53,
55,57,64%0 foragingbeetlesAliquots of the monoterpenemixture werethendiluted in pen-
tane[50] to 10%and50%(for 10and50mg/gtreatments)with theremainingleft at 100%
monoterpeneoncentration(for 100mg/gtreatments) Approximately~115ul of the appro-
priatemonoterpenemixture (10,50,100%wasaddedpergramof simulatedphloem(~700pL)
to the surfaceof the substraten the petri dishesallowingtheliquid to penetrateanddistribute
evenly Arenaswerethenleft uncoveredunderafumehoodfor 1 hour to allowthe pentaneo
evaporatg50]. In thisway,the sameamountof liquid wasaddedto eacharenawhile producing
differentconcentration®f monoterpenes.

Substrate acceptance versus population state

Oncethe arenaswerepreparedpnefemalemountain pine beetleoffspring,eitherfrom the
mass-attackedoltsmaintainedin thelargeemergenceagegepidemicsimulation),or the
smallerboltsin theisolatedendemicsimulationchamberswasplacednto the emptysideof
anarena(Fig 1A). Thelid of the petri dishwaslabeledwith amarkerandplacedonto the
arenaThesewerethen placedonto afoamboard,andsecuredstandingat a45Eangleto the
boardwith insectpins (Fig 1B).This configurationensuredhatbeetlezouldright themselves
if theytippedover(J.Burketpersonabbservation)Betweerd and 8 replicatef eachconcen-
tration treatmentwereusedin eachtrial. A smallfanwasplacednearthe arenaboardto gently
moveair overthe surfaceand ensurevolatileswould not accumulateverthe arenasEach
arenawasangledin the samedirection,facinga 120-wattequivalentfull spectrumLED flood
lamp (Philips® modelPAR38) to approximatedaylight(Fig 1C).Dueto the proces®f rear-
ing, epidemicsimulationbeetlesveretestedirst, thenendemicsimulationbeetlesveretested
ca.4x6weekdater,underidenticalconditions.

Onceall beetleandarenasverein placethe arenaboardwassituatedunderneathaLogi-
tech@HD Pro C920webcanvideocamerawhichrecordedbeetleactivity for 8 hours(Fig
1B).To clearlyseehe beetlesthe cameravassetto capturein greyscalé0%color saturation)
andlow color contrast.The blackbeetlesvereclearlyvisibleagainsthe greyandwhite back-
groundof thearenaandfoamboardundertheserecordingconditions.A time-lapseserief
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photographsvascreatedrom still imageausingChronolapse ®softwareversion1.0.7(2010,
Collin Green https://code.google.cofp/chronolapse/)whichis an open-sourceoftware
application(http://opensource.org/ienses/mit-license.php) picturewasrecordedevery30
minutesfor 8 hours,at 2304x 1296resolution.A beetlewasconsideredo haveacceptedhe
simulatedphloemwhenshehadenteredt completelyand her entire bodywasno longervisi-
ble.Preliminary,24-hourtrials revealedrerylittle changen acceptance/rejectioafter8
hours,soall trials werestoppedat this time-point. At the end of eachtrial, the arenasverefro-
zenat-30Edor 48hours,andthe deadbeetlewasexcavate@ndthe width of her pronotum
wasmeasuredTheelytrawerethenremovedandeachbeetlevascheckedor sexuallydimor-
phic characteristicésensu [65]) to confirm the subjectwasfemale Of 292total beetledrialed
overthe courseof the experimentonly 4 weremaleg(that did not stridulate),andthesewere
removedfrom theanalysis.

In total, 38trials wererun with threeconcentrationtreatmentsSevertrials of 8 beetlegper
concentrationtreatmentwererun with beetlesrom epidemicsimulations(168beetles)Num-
berof trialsrun perconcentrationtreatmentandbeetlepertrial variedwithin endemicsimu-
lation, asrearingbeetlesat suchlow densitylimits the numberof offspringavailableo trial at
anyonetime. Sixtrials of 6:8beetlesvererun for 10and50mg/gtreatmentsand5 trials of 8
beetlesvererun for 100mg/gtreatmentg124beetles).

Statistical analyses

All datawerepreparedusingMicrosoft® Excel®version16.0(Microsoft®),2015Redmond
WA USA),andall statisticatestswereperformedusingSAS ®StatisticalSoftwareversion9.4
(SAS®Institute,2014 CaryNC USA). Themeanacceptanceatio (entered/non-enteredyvas
calculatedor eachtrial of 6x8beetlesateachhour of the eighthour trials (n = 38x 8). All
datawerearcsine(square-rootfansformecdto accountfor the truncateddistribution of pro-
portion data[66]. PROCUNIVARIATE wasappliedto testthe assumption®f normality and
equalityof variance.

Two-wayanalysi®f variancewith interactionswasperformedusingPROCGLM, with pop-
ulation-statesimulationand concentrationtreatmentsasmain effectspn the acceptanceatio
after8 hours.To morethoroughlyexaminethe influenceof juvenilerearingconditionson sub-
sequentdulthostacceptancd?ROCGLM wasusedto assesgariationin substrateacceptance
by simulatedendemicand epidemicbeetlesvithin eachconcentrationtreatmentafter8 hours.

To assesthe effectof developmentagxperiencen therateof acceptancegrepeated-mea-
suresanalysiof variancewasperformedon datain time-seriesrom 1+8hoursof exposure,
for eachconcentrationtreatmentusingPROCGLM with the REPEATEDstatementThe
interactionof time (i.e.2rate®) and simulationwasassessei determineif the rateof accep-
tancedifferedbetweersimulationswithin eachconcentrationtreatment.

PROCGLM wasusedto perform one-wayanalysif varianceto determineif simulation
treatmentaffectedffspringsize Sincethe thin phloemof defensivelympairedtreesmaylead
to smalleroffspring[32,65],and smallbeetlesnaybelessableto overcomedefensesf larger,
healthyhostg[67], the effectof body size(pronotalwidth) on beetleacceptancevasassessed
usinglogisticregressiofPROCLOGISTIC)on the original, binary (0/1) dataat 8 hours,
within simulation,andwithin concentratiortreatmentsto determineif largerbeetlesvere
morelikely to accephigh monoterpenesubstrates.

Results

Whenconsideredill together femalemountain pine beetlescceptedgimulatedphloemabout
50%of thetime (Fig 2). Approximately85%o0f beetleshat acceptedhe simulatedphloemdid
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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:10.131/journal.pon8172448.9002

soafter5hours.Thosethatdid not initiate tunnelingspentmostof their time walkingon the
surfaceof the simulatedphloemandin the emptysideof thearenaThreebeetlesemained
motionlessanduponinspectionafter8 hourswerefound to havedied during thetrial and
wereremovedfrom analyseOnceinitiated, tunnelingactivity lastedfor about2+3hours
(observedy accumulatingnaterialat the entrancesite).Occasionallybeetleemergedrom
the simulatedphloem,likely dueto limited tunnelingspacebut thesewerestill consideredo
haveacceptedhe diet.

The concentrationof monoterpenesvithin the simulatedphloemsignificantlyaffectedhe
likelihoodthat afemalebeetlewvould mine within it (F, 37= 6.69,p = 0.004)Fig 2, Tablel).
Overall,beetlesveremorelikely to accepthe phloemwith the highestconcentration(100mg/
g) overlowerconcentrationsat all time-stepsandwithin the epidemicsimulationacceptance
ratio wasdirectly relatedto monoterpeneconcentrationat all time-stepgFig 2). Althoughthere
wasno overalleffectof beetlerearingcondition on acceptancef the phloemsubstrateamong
monoterpeneoncentrationsnor adetectablénteractionbetweersimulatedpopulationstate

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 lll 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:10.137/journal.pon@172448®01
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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:10.137/journal.pon@172448.g003

andconcentration(Fig 3, Tablel), acceptancef the phloemsubstratevith the lowestmonoter-
peneconcentration(10 mg/g) differedsignificantlybetweerepidemicand endemicheetles
(F112= 6.24 p = 0.03).Theeffectof populationstatedid not persistatthe highermonoterpene
concentrationlevelgFig 3, Tablel).

Theeffectof time (rate)wasalwayssignificantwithin concentrationtreatmentgp<0.001)
(Table2). Furthermore atthe lowestand highestmonoterpeneconcentrationstherateof ac-
ceptancavasdependenupon simulatedpopulationstate Therate of acceptancey endemic
beetlef 10mg/gtreatmentsvassignificantlyhigher(F; .= 2.15,p = 0.498) while their rate
of acceptancef 100mg/gtreatmentsvassignificantlylower (F; g3= 3.77 p = 0.002)thanthat
of epidemicheetlegFig 3, Table2).

Pronotalwidthsrangedfrom 1.8+2.6nm with ameanof 2.27(+ 0.01SE).Contraryto
expectationbodysizeof beetlesrom eachsimulationwerenot different(p = 0.65),andthere

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

10 mg/g

Rate

Simulation

Rate simul ation
Error(rate)

50 mg/g

Rate

Simulation

Rate simul ation
Error(rate)

100 mg/g

Rate

Simulation

Rate simul ation
Error(rate)

doi:10.137/journal.pon®172448002

df Type lll SS F p

7 4.24 29.19 <0.001

0.63 2.45 0.146

7 0.33 2.15 0.049
77 1.55

7 4.37 19.51 <0.001

0.11 0.14 0.711

7 0.01 0.04 0.999
77 2.47

7 3.87 35.55 <0.001

0.58 1.19 0.304

7 0.41 3.77 0.002
63 0.98
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wasno effectof beetlebodysizeon the likelihood of acceptancef phloematanymonoterpene
concentration(p = 0.64+0.96).

Discussion

State-dependetiife history strategiesireinfluencedby context-dependentaternaleffectdn
themountain pine beetle The propensityfor maternalexperienceo influencethe patternof
offspringhostacceptanceiithin populationstatesanbeusedto elucidatecritical aspect®f
herbivore-treanteractionsthat underlayeruptivepopulationdynamicsinitial hostselection
by femalemountain pine beetledeginswith foragingindividualsrandomlylandingon host
treeg[68], followedby gustatoryassessmemtf resincomponentsuponinitial breachof the
outerbark[44]. A beetlewill thenaccepbor rejectthathostasafunction of populationstate,
and putatively the concentrationof monoterpenedn phloemresin[11]. In bioassaysleci-
sionsregardinghostacceptanceveremadebasedn monoterpeneconcentrationsn phloem
tissueevenin the absencef othercues.This supportsthe assertion®f Raffaand Berryman
[44] that beetlesisegustatorystimulationto asseskosttreecondition,andBooneetal.[11]
thatdensity-dependdrhostselectiorby the mountain pine beetleis basedn assessmeiatf
monoterpeneconcentrationin resin,andthatthis associatiorns not anartifactof othersearch
criteriaemployedby foragingbeetlesTheresultthat population-statesimulationchanged
acceptancpatternsfurther reinforceshe assertiorby Booneetal.[11] thattheir preferences
for low or high concentrationsareafunction of population-state.

Contraryto expectationsheetlebodysizehadno influenceon hostacceptance?revious
work hasshownthat mountain pine beetlebodysizeis positivelyrelatedto phloemthickness
of natalhosttrees[32,65,69]andhaspotentiallyimportant ramificationsto beetlefitness
throughits influenceon energyreserve$70], andability to detoxifyhost-treedefensefs 7].
Thereforethe absencef apositiverelationshipbetweerbodysizeand acceptancef increas-
ingly defensivesubstratesvassurprising.However parentalbeetlesisedin thisinvestigation
wereon averagdargerandnot representativef the full rangeof sizesobservedn previous
assessmentklat considerednountain pine beetlebodysize[67,71],andthereforeanyeffect
of bodysizemayhavebeenmaskedThe potentialfor reducedoffspringbodysizeresulting
from developmenin nutritionally suboptimalhostswould likely reinforcetheir preferencdor
low concentration®f monoterpenesgiventherelationshipbetweersizeand detoxification
potential[67]. A similar mechanisnwasproposedy Ginzburgand Tanneyhill[18] asaregu-
lator of populationcyclesn forestLepidoptera.

Variationin thelikelihood of acceptancef host-treedefensegasafunction of maternal
experiencgrovidesvaluabldnsightsinto the state-dependeriife historiesof the mountain
pine beetleand other eruptivebark beetlesandthe transition betweerstatedeadingto popu-
lation eruptionsand collapseMaternalendemicbehavior(isolatedattacksof suboptimal
hosts) resultsin offspringthataremorelikely to acceppoorly defendedsubstratesyhereas
maternalepidemicbehavior(massattacksof healthytrees)leadso offspringthataremore
likely to rejectpoorly defendedsubstratesThis suggestthatin nature,offspringfrom mothers
which selecimpairedhostswill havea greatempropensityto alsoselecanimpairedhost,
increasinghe chance®f persistenceverlocalextirpationin low-densitieslueto the strong
Alleeeffectsaassociatedvith athresholddensityrequiredto attackhealthytreeg[72+74].
Endemicoffspringwereslowto acceptput did not rejectdefensivesubstratesfter8 hours.
However this maybeduein partto the feeding-stimulanpropertiesof monoterpene$44]
combinedwith thefactthat beetlexould not leavethe arenaRegardlesshis variationmay
haveimplicationsfor thetransitionfrom the endemicto the epidemicphaseDuring the
endemicphaseif generatiormortality is reduceddueto adensity-independenperturbation
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suchasmild winter temperature®r droughtleadingto reducedtreedefensiveapacity
[75,76],thenoffspringwill interactwith more conspecificsluring developmentpotentially
triggeringepidemicbehaviorand attackson defensivénosts Furthermore phenotypicplastic-
ity in the responsef endemicoffspringmayleadto asynergistiaeinforcementof this transi-
tion by thoseoffspringwith the capacityto acceptvell-defendedhosts thusfacilitatingthe
rapid transitionfrom endemicto epidemicpopulation-phaseharacteristiof mountainpine
beetledynamicg11,30].

In contrastmostoffspringfrom epidemicmothersrejectedow concentration®f monoter-
penesandthosethatdid accepivereslowto do so,evenwhengivenno choice.Thismeans
thatanepidemicpopulationin situ hasaverystrongpropensityto persistandis resilientto
collapseevenfollowing an extremedensity-independentortality eventsuchasan extremely
coldwinter [30]. Thestrongreinforcementof epidemichostselectiorby maternalexperience
isthe proximatemechanisnbehindpositivefeedbackassociatedith this populationphase
atthe standandlandscapecald3]. Offspringof epidemicparentsaremostlikely to pursuea
well-defendednutritionally optimal hostundermostconditions.If optimal hostsareabun-
dant, reinforcementof the epidemicchoicewill resultin manyof thesehostsbeingcolonized,
increasinghe potentialto colonizeevenmore optimal hostsin thefollowing year rapidly
leadingto astand-levebutbreak If optimal standsareabundanton the landscapeheetlelis-
persinginto adjacenstandswill takewith themastrongpropensityfor epidemicselection,
evenif theyinitially arrivewithout manyconspecificdf enoughbeetlegoin them,aggregation
will besuccessfuthe stand-leveepidemicproceswill initiate, andthe outbreakwill propa-
gate Thus,reinforcementof epidemic-phastostselectiorbehaviorby context-dependent
maternalexperience&anleadto alandscape-scalfisturbancesvent.

Strongreinforcementof epidemicbehaviorby maternalexperiencelsomeananountain
pine beetlepopulationswill rapidly depletethelocalsupplyof optimal hostsandcollapsea
commonobservatiorduring epidemicg30,37,65,77,78Eventuahostdepletionmeanst is
inevitablethatageneratiorof motherswill find themselvewithout largetreesto attackor
insufficientconspecific$o aggregateandbeat highrisk for localextinction.Giventhat mater-
nal experiencénfluencesoffspringhostacceptancehe propensityfor endemicbehaviomwill
increaseand populationswill transition backto the endemicstate Indeed this transition
appearso happenveryquickly. Endemicmothersemployedn experimentsvererearedas
epidemicoffspringuntil introducedinto defensivelympairedlogsin isolatedconditions,lead-
ing to endemicbehaviorin their offspring.Thus,theinfluenceof populationstate-dependent
maternaleffectscanmanifestin asinglegeneratiorto both minimize thelikelihood of local
extirpation,and maximizethe potentialfor outbreak.

Evidencdor theinfluenceof context-dependentnaternaleffectson mountainpine beetle
eruptivedynamicscanbeextendedo the consideratiorof the impactsof climatechangeon
landscape-scaferestdisturbancedy othereruptiveforestinsectsystemsHerbivorousforest
insectdn Holarcticregionsoftendo not occupythe more northernrangeof their hosts mean-
ing thatthe potentialfor nativeinvasionis high [78+81].Indeed,increasingemperaturefave
ledto rangeexpansiorandshiftsinto novelhabitatsfor severakruptiveforestinsectd79,82+
84]. Furthermore hovelhabitatsmayexhibitinsufficientlycoevolvediefensiveraits that
increasehostsusceptibility53,55+57,60,7 YWeakhostdefensemayleadto reducedgenera-
tion mortality of eruptiveinsectsjncreasinghe propensityfor epidemicbehaviorenhance
positivefeedbackassociatewvith this phaseand exacerbatéhe frequencyand magnitudeof
outbreaksA morethoroughunderstandingpf the proximatecause$eadingto eruptionsis
requiredto improvepredictionsand mitigatethe biologicalconsequences continuedclimate
change.
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