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Abstract
Acombinationoffavourabletemperaturesandabundanthosttreeshasresultedinamountainpine

beetle(DendroctonusponderosaeHopkins)epidemicoverthemajorityofthelodgepolepineforests

ofBritishColumbia,Canada.Understandingtemporaltrendsintheinteractionsbetweenmountain

pinebeetleinfestationsandlandscapecharacteristicscanimproveourunderstandingofbeetlebiology,

informmodellingoffutureimpacts,andsupportmanagement.Inthispaper,wedemonstrateapractical

techniqueforcharacterizingspatialinteractionsbetweenbeetlesandtheenvironment.Thelocations

withthehighest-intensityinfestations(hotspots)wereidentifiedusingpointdataderivedfromannual

helicopter-basedsurveysofbeetle-infestedpine,andakerneldensityestimator.Byexaminingthe

environmentalcharacteristicsassociatedwithhotspotsthroughtime,anincreasedunderstandingofhow

themountainpinebeetleutilizesresourcesoverlargeareasisgenerated.Theeffectoftreatmentonthe

persistenceofhotspotsisalsoexplored.Resultsindicatethatbeetlesintenselyinfestmaturetreeswitha

shifttoyoungertreesovertime.Hot-spotlocationsaremostcommonlyassociatedwithstandscomposed

of30–80%pineandalmostalwaysoccuratelevationsbetween800mand1000m.Intheearlyyearsofan

infestation,hotspotsaretypicallyfoundonwarmer(southandwest)aspects.Aswell,relativetonon-

treatment,anytypeoftreatmentreducesthepersistenceofhotspotsthefollowingyear.
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Introduction

Themountainpinebeetle(Dendroctonus
ponderosaeHopkins)isnativetopine(Pinus)
foreststhroughoutwesternNorthAmerica.

Periodicpopulationeruptionsoccurwhenan
abundanceofsusceptiblehosttreescoincideswith
climaticconditionsamenableforbeetlesurvival
(e.g.,TaylorandCarroll2004).Althoughepidemic
populationsareanaturalcomponentofforest
disturbance,largeinfestationshavesubstantialimpacts
andprovideuniquechallengestoforestmanagers
(Safranyiketal.1974;SafranyikandCarroll2006).At
present,WesternCanadaisexperiencingthelargest
mountainpinebeetleepidemiconrecord.By2006,over
9millionhaoflodgepolepineforesthadbeeninfested
(Westfall2007).

Todate,stand-scalemountainpinebeetle
relationshipshavebeenusedtodeveloplandscape-
scalemanagementmodels(seeNelsonetal.2006cfor
adiscussion).However,usingrelationshipsobserved
atastandscaleforlandscape-scalemanagementmay
beproblematicasthegeneralprincipleofecological
fallacyindicatesthatrelationshipsdonotnecessarily
holdacrossspatialscales(Wiens1989;Levin1992).
Bylocatingandexploringhigh-intensityinfestations
(termed“hotspots”inthispaper),itispossibleto
characterizelandscapeconditionsfavourableforhosting
largebeetlepopulations.Suchanalysisisimportant
inimprovingourknowledgeofmountainpinebeetle
dynamicsoverlargeareas.

Ourgoalistopresentanexploratoryspatialdata
analysisapproachthatcharacterizesthenatureofthe
environmentassociatedwiththemostintenselyinfested
locations.Followingagrowingtrendingeographic
dataanalysis(e.g.,Fotheringhametal.2000;LeGallo
andErtur2003),weexploreanddescribetrendsinthe
associationsbetweenhotspotsandtheenvironmentas
afirststeptowardsdevelopinghypothesesforfurther
testing.Tobegin,wedemonstrateapracticalmethodfor
identifyinghotspotsoverthelandscape.Thismethod
isdesignedforusewithpointdatacollectedfroma
helicopterwherevisualestimatesoninsectspeciesand
numberofaffectedtreesarerecorded(Wulderetal.
2004;Nelsonetal.2006a).Wealsoexaminehotspots
usingdataonmanagementactivity.Ourmethodsare
demonstratedforaTimberSupplyArea(tsa)inBritish
Columbia.Analysiscarriedoutonadatasetspanning
8yearsofinsectactivityhighlightshowthesemethods
canbeusedtoinvestigatethechanginginteraction
betweenbeetlesandtheenvironmentoverthecourseof

aninfestation.Themethodsweoutlinecanbeappliedin
anyforestmanagementarea;however,bydemonstrating
ourapproachonaspecifictsa,wegeneratenew
informationonthespatialandtemporaltrends
associatedwithintenseinfestationsoverlargeareas.

StudyAreaandData

TheMoricetsaislocatedinnorth-centralBritish
Columbia,Canada(Figure1).Coveringanareaof
approximately1.5millionha,itisdominatedby
lodgepolepine(Pinuscontortavar.latifolia)andspruce
(Picea)species.Thistsamarksthetraditionalnorthern
spatialextentofthemountainpinebeetlerange,with
epidemicpopulationspresentsince1995.Theonsetof
infestationwasnotcontemporaneousthroughoutthe
tsa.Inthenorthandcentralregions,theinfestationwas
establishedbythemid-1990s,whereastheinfestation
inthesouthernregionbecameestablishedin1999and
expandedmorerapidly.Forouranalysis,theMoricetsa
wasdividedintoNorth,Middle,andSouthsub-areas
(Figure1)onthebasisofinitialdateofinfestation.
Thesesub-areasarealsouniqueinforestconditionsand
management.Management,whichtypicallyconsistsof
single-treetreatmentsandsmallpatchharvesting,has
beenmostaggressiveintheNorthsub-area.TheMiddle
sub-areahasmoreyoungtreesthantheothersub-
areas,andtheSouthsub-areaisthemostmountainous
(Nelsonetal.2006b).

Theinfestationhasbeenmonitoredsince1995
usingpoint-based,globalpositioningsystemhelicopter
(“heli-gps”)surveys(Nelsonetal.2006a).Aerialsurveys
ofinfestationsuseindicatorsofpinemortality,such
aschangesincrownfoliagecolour,tomonitorbeetle
activity.Duringhelicoptersurveys,theclustercentre
ofvisuallyinfestedtrees,typicallythosewithyellow
(fading)andredcrowns,arelocatedwithagps.For
eachcluster,thenumberofinfestedtreesisestimated
andtheinfestinginsectspeciesrecorded.Themaximum
arearepresentedbyapointis0.031km2,equivalenttoa
circlewitharadiusof100m(Nelsonetal.2006a).

Bylocatingandexploringhigh-intensity
infestations,or“hotspots,”itis
possibletocharacterizelandscape
conditionsfavourableforhosting

largebeetlepopulations.
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Atotalof43751heli-gpspoints,representing
268112trees,wereidentifiedduringaerialsurveys
conductedfrom1995to2002.

BritishColumbiaMinistryofForestsandRange
inventorydatawereusedtocharacterizeforestage
andpercentageofpinecover.Forestinventorydata
areprimarilygeneratedviaaerialphoto(1:15000)
interpretation(LeckieandGillis1995).Standageistheage,
in20-yearincrements,oftheforeststandonthedateof
standclassification,andisbasedeitheronringcountsfrom
aboredcoreoronestimatesfromaerialphotographs.The
dominanttreespeciesoccupiesthelargestpercentageofthe
standbyvolume.Forestageandpercentageofpinecover

dataarerepresentativeofmid-1990sconditions,whenthe
forestinventorywaslastupdated.

Dataonelevationandaspectwereobtainedfrom
1:20000TerrainResourceInformationManagement
data(ProvinceofBritishColumbia1996).Elevationdata
wereinterpolatedusingalinearprocessandtheresulting
digitalelevationmodel(dem)isaccuratetowithin10m.
Aspectdatawerealsoderivedfromthedem.

Treatmentdataavailablefor2001enabledan
explorationoftheeffectoftreatmentonhotspotsin
2001and2002.Eachinfestationclusterwasassigned
atreatmentcodeandgivenadatethatreflected
treatmenttiming.Fivedifferenttreatmentswere

FIGURE1. LocationoftheMoriceTimberSupplyAreainBritishColumbia(54°24'N,126°38'W).
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1992;Simonoff1996).Thestandardkernelshapeis
Gaussian.Forthisstudy,aquartickernelwasused,asit
providesagoodapproximationoftheGaussiankernel
yetiscomputationallylessburdensome(Silverman
1986;WallerandGotway2004).Forlargedatasets,
suchasthemountainpinebeetledatausedinthis
study,computationalspeedisaconsideration.The
implementationofkerneldensityestimationinthe
SpatialAnalystextensionofArcMap,acommonly
usedgissoftware,makestheapproachesoutlinedhere
accessibleandpractical.

Theamountofsmoothingiscontrolledbyτ(Kelsall
andDiggle1995).Smallvaluesofτwillrevealsmall-
scalefeaturesofthedata,whilelargervalueswillreveal
moregeneralfeatures.Wedefinedτusingthenatureof
spatialdependenceinthedataascharacterizedusing
variograms.Thevariogramrange,orthemaximum
distanceatwhichthedataexhibitspatialdependence,
providesarangeofappropriateτvalues.From1995to
2002,variogramdistancesvariedfrom280mto1996m;
themedianrangedistancewas1599m.Arguably,any
distancewithinthisscopeofvaluesisanappropriate
distanceforτ.Asweareinterestedinlandscape-level
(i.e.,spatiallygeneral)trends,wechosetousetheupper
limitandsetτat2000m.

Edgeeffectsmayalsoaffectkernelestimators.Asthe
studyareaislargerelativetoτ,edgeeffectsareminimal,
negatingtheneedforacorrectionterm.Anadditional
issue,whicharisesinsoftwarethatstoresintensity
estimatesinarasterformat,isthedefinitionofsurface
cellsize.Asthedatapointsrepresentedcircularareas
withamaximumdiameterof200m,weuseda200×
200mgridcell.

Withineachsub-areainthisstudy,hotspots
weredefinedaslocations(gridcells)intheestimated
intensitysurfacewithvaluesintheupper10%ofthe
frequencydistributionofallsub-areacellvalues.The
useofthe10%thresholdissupportedbypractical
managementneeds;thatis,itrepresentsarealistic
targetfortheamountofforestareathatcanbeactively
managedwhenbeetlepopulationsareepidemic.Also,
exploratoryanalysisindicatedthatthe10%threshold
identifiedlocationswithlandscapeconditionsthat
differedfromthoseinthestudyarea.Forotherstudies,
thisthresholdmaybesettoadifferentvaluedepending
onthenatureoftheresearchormanagementquestions.

For2001,theyearwhentreatmentdataare
available,theimpactofthefivetreatmentcategories
onthepersistenceofhotspotswasalsoexplored.We
determinedthenumberofinfestationclusterpoints

appliedin2001(seeNelsonetal.2006bfordetailed
descriptions):

• Monosodiummenthanearsonate(msma)applica-
tionskilledboththetreeandbeetlesunderthebark.

• Pheromone-baitedtrapsattractedbeetlestotree
hoststhatwerelaterremoved.

• Fellandburntreatmentsremovedtreesbyburning
thetreeandstumponthespot.

• Smallpatchharvestingremovedsingletreesorsmall
patchesoftrees.

• Blockharvestingcreatedharvestedpatcheslarger
than1ha.

Methods

IdentifyingHotSpots

Asaprecursortoidentifyinghotspotsinheli-gpsdata,
pointdatawereconvertedtosurfacesofinfestation
intensityusingkerneldensityestimators(Nelson
etal.2006a).Kerneldensityestimatorsimprove
thevisualizationoflargesetsofpointdata,allow
continuousrepresentationoftheinfestation,and
enabledatatobepresentedasinfestationintensity
ratherthancounts.(SeeNelsonetal.2006afora
moredetaileddiscussionofthebenefitsofusing
kerneldensityestimators.)Thecontinuousraster
representationproducedbykerneldensityestimation
enablesalllocationswithinastudyregiontobe
mappedaseitherhotspotsornon-hotspots.

Conceptually,theintensityataparticular
locationzinastudyareaAcanbeestimatedas:

 = [1]

Amorepreciseestimate,(z)isdefinedby:

 z∈A [2]

where: zandAaredefinedasabove;
 τistheradiusofadiskcentredonz;
 k()isthekerneloraprobabilitydensityfunction

whichissymmetricaroundtheorigin;
 zi(i=1,…,n)arelocationsofnobserved

events;and
 yiistheattributevalueatzi.

Thetypeofkernelk()determineshowevents
withinthediskwillbeweighted.Althoughdifferent
kernelformsmaybedefined,theyhavelittleeffect
ontheintensityestimate(Silverman1986;Scott

thenumberofeventsinadiskcentredonz
areaofthedisk
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thatintersectedpolygon-representedhotspotsin2001,
andboth2001and2002.Ifthemajorityofinfestation
clustersthatwereassociatedwithhotspotsin2001
werestillassociatedwithhotspotsin2002,thenthe
treatmenthadlittleeffectonthepersistenceofhotspots.

ComparingHotSpotsandtheEnvironment

Tobetterunderstandcausesofbothspatialandspatial-
temporalvariationsininfestationmagnitude,weexplored
landscapecharacteristicsassociatedwithhotspots
throughtime.Thenatureofhotspotswasexploredin
eachyearandalsoovermanyyears.Foreachlocation
(cell),hotspotswererepresentedasthenumberofhot-
spotyears,themaximumnumberofconsecutivehot-
spotsyears,thefirsthot-spotyear,andtheproportion
ofactiveyearsthatwerehot.Thislastcategoryisthe
numberofhot-spotyearsdividedbythetotalnumber
ofyearsthatbeetleswereactiveatalocation.This
normalizesvariabilitycausedbythedifferentonsettimes
ofbeetleinfestationswithinsub-areas.Thenormalized
representationofmultipletimeperiodswasusedfor
comparisonswithenvironmentalcharacteristics.

Relationshipsbetweenhot-spotlocationsandthe
environmentprovidetheinformationnecessaryto:

• determinethelikelihoodthataparticularlocation
willbeattacked,

• estimatethedurationofanattackataparticular
location,or

• forecasttemporalchangesininfestationmagnitude.

Environmentalconditionsinvestigatedinclude
forestage,percentageofpinecover,elevation,and
aspect.Forestageisanimportantfactorthataffectshost
susceptibility(SafranyikandCarroll2006).Whilewe
recognizethatforestdensityisalsoimportant,density
datawerenotavailablefortheMoricetsa.Associations
betweenhotspotsandpercentageofpinecoverareoften
usedforlandscape-levelmodellingofthesusceptibility
offoreststomountainpinebeetle(Nelsonetal.2006c).
Elevationandaspectdatahelptoinvestigateassociations
betweenhigh-magnitudeinfestationsandtemperature.
Forexample,evidenceshowsthatwarmerslopesare
importantforoutbreakinitialization(Safranyiketal.
1974;Safranyiketal.1989)andelevationisacritical
factorinhostselection(SafranyikandCarroll2006).
Temperaturetrendsareparticularlyimportantinstudies
atthemarginsofthemountainpinebeetle’sspatial
range.

Toinvestigaterelationshipsbetweenhotspots
andthephysicalenvironment,therelativefrequency
distributionsoflandscapecharacteristicsforallpine

cellswerevisuallycomparedtotherelativefrequency
distributionsofhot-spotlocations.Ifhotspotswere
randomlylocatedonthelandscape,wewouldexpect
thetworelativefrequencydistributionstohaveasimilar
form.Disparitiesintheshapeofthesedistributions
werethebasisforexploratoryinvestigationsinto
landscapeconditionsassociatedwithhotspots.
Similarcomparisonsweremadebetweenlandscape
characteristicsandcategoriesofhot-spotpersistence.

ResultsandDiscussion

HotSpots

Themethodusedtogeneratehotspotsensuresthat
thenumberofhotcellsisalwaysproportionalto
thenumberofcellswithsomemountainpinebeetle
activity.Figure2,whichshowshotspotsfrom1995to
2002,clearlyillustrateswhichsub-areashavethemost
mountainpinebeetleactivity,andwithinasub-area,
whichlocationsareheavilyinfested.Initially,beetle
activitywasgreatestintheNorthandMiddlesub-areas;
however,by2002theSouthsub-areahadthemajority
oflargeinfestations.Thispatternreflectsgeneraltrends
observedinBritishColumbia(Aukemaetal.2006).
Initially,theprovincialinfestationwasdominatedby
processesthatwerespatiallylocalized,butinthelate
1990spopulationsincreasedandtheinfestationspread
quickly.IntheMoricetsa,startingin1999,beetles
emigratedfromTweedsmuirProvincialPark,which
bordersthestudyareatothesouth.TheTweedsmuir
infestationdidnotcausetheoutbreak,astheinfestation
waswellestablishedintheearly1990sinmorenortherly
regionsofthetsa;however,thepark’sabundanceof
susceptiblehostssustainedalargebeetlepopulationthat
eventuallyaffectedthesouthernportionofthetsa.

Figure3showscategoriesofhot-spotpersistence
andTables1–3presentthenumbersoflocations(cells)
ineachcategory.Usingmulti-temporalrepresentations,
wevisualizedlocationsthatwerehotformanyyears,
whenareaswereinitiallyhot,andtheproportionof
activeyearsthatwerehot.Althoughcellswithalarge
numberofhotyearsoccurredmostlyintheNorthand
Middlesub-areaswherebeetleactivityhasbeenpresent
thelongest,locationsintheSouthwerehotforalarge
portionofactiveyears.Themostcommonnumberof
hotyearsandthemaximumnumberofhot-spotyears
wasoneortwo,andtheproportionofactiveyearshaving
hotspotswastypically25%orless.Thissuggeststhat
hotspotsarenotverypersistent.Althoughhotspots
maynotpersistformanyyears,94%ofhotspotswere
locatedwherebeetleactivityoccurredintheprevious
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FIGURE2. Thespatiallocationofmountainpinebeetleinfestationhotspotsfrom1995to2002.



MOUNTAINPINEBEETLEHOTSPOTS

JEM—VOLUME8,NUMBER1 97

FIGURE3. Classificationsofinfestationhot-spotpersistenceover8years.“Nothot”areas(grey)hadmountainpine
beetleinfestations,butwerenotconsideredhotspotsinanytimeperiod.Whitelocationsarefreeofmountainpine
beetleduringthestudyduration.
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TABLE1. Locationscategorizedbythenumberofhot-
spotyearsorthemaximumnumberofhot-spotyears

No.years No.hot-spotyears Max.no.hot-spotyears

1 17890 21392

2 6927 7223

3 4695 3841

4 2840 1803

5 1444 473

6 968 241

7 518 309

8 121 121

TABLE2. Locationscategorizedbythefirsthot-spotyear

 Year Firsthot-spotyear

 1995 5449

 1996 7027

 1997 6035

 1998 4359

 1999 3315

 2000 2596

 2001 2869

 2002 3753

TABLE3. Locationscategorizedbytheproportionof
yearswithmountainpinebeetleinfestation

 Years(%) Proportionofactiveyears

 1–25 20778

 26–50 9771

 51–75 3670

 76–100 1184

year.Thelackofpersistenceinhotspotsmaybe
partiallyexplainedbypreviousobservationsofbeetle
emergenceandmovementtonewareasdespitethe
presenceofacceptablehosts(Borden1993;Robertson
etal.[2007]).Intheabsenceofforestdensitydata,we
cannotexploretheinfluenceofbeetledamageonfuture
hotspots.Within1year,however,beetlescankillalarge
proportionofavailablehosttrees.Althoughhostsand
beetlesremaininthearea,thelevelsofeither(orboth)
arenotsufficienttoretainahotspotasdefinedthrough
thiswork.

Anotherexplanationfortemporaltrendsinhot
spotsistheeffectofmanagement.Table4presentsthe

TABLE4. Percentageofinfestationclustersthatintersect
hotspotsin2001,andinboth2001and2002(based
ontreatmentcategoriesappliedin2001)

Treatment 2001(%) 2001and2002(%)

msma 22.40 9.90

Pheremone-baitedtraps 61.10 33.20

Fellandburn 24.20 14.30

Smallpatchharvesting 20.20 4.50

Blockharvesting 92.80 0.00

Non-treated 39.70 33.80

percentagesofinfestationclustersthatweretreatedin
2001andthatintersecthotspotsin2001andinboth
2001and2002.Fortypercentofnon-treatedinfestation
clusterpointswereassociatedwithpolygon-represented
hotspotsin2001.Whilealmostallblockharvesting
(92.9%)occurredwithin2001hotspotsandoverhalf
ofpheromone-baitedtraptreatments(61.1%)occurred
inhotspots,othertreatmentswerefocussedinnon-
hotspotlocations.Thismayindicateapreferenceto
treatareaswheretheinfestationmagnitudeisstillsmall
enoughfortreatmentstobeeffective.

Whenthepercentageofinfestationclusters
associatedwithhotspotsin2001issimilartothe
percentageassociatedwithhotspotsinboth2001and
2002,theseclusterswereassociatedwithpersistenthot
spots.Fornon-treatedsitesthisdifferencewas5.9%.
Fortreatedsites,thedifferencewasalwayshigherand
rangedfrom9.9–92.8%.Blockharvestingremovedlarge
patchesoftrees(>1ha)andnoneofthesesiteswere
foundin2002hotspots.Forsmallpatchharvesting,
only25%oflocationsassociatedwithhotspotsin2001
persistedinto2002.Abouthalfofthepheromone-bait
trapping,msma,andfellandburntreatmentslocated
in2001hotspotswerestillassociatedwithhotspotsin
2002.Becauseofdataavailability,treatmentanalysiswas
onlypossibleforoneyearinthisstudy.However,results
indicatethatblockharvestingleadstonon-persistent
hotspots.Allotherformsoftreatmentreducethe
likelihoodthathotspotswillpersistbyagreateramount
thanifnotreatmentwasperformed.

HotSpotsandForestAge

Acomparisonoftherelativefrequencydistributionsof
pineageassociatedwithsingle-yearhot-spotlocationsto
thebackgrounddistributionsofallpineageshowsthat
distributionsvarywitheachsub-areaandtimeperiod;
however,commontrendsemerge.Figure4illustrates
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arepresentativesubsetofover600comparisons
betweenhotspotsandlandscapecharacteristics(forest
age,percentageofpinecover,elevation,andaspect)
todemonstratethesegeneraltemporaltrends.Inall
sub-areas,fewhot-spotlocationswereassociatedwith
forestsyoungerthan100years.Oncetheinfestationwas
wellestablished,hotspotswerelocatedintheoldest
ageclass,whichaccountedfor5%ormoreoftheforest
byarea(North140–180years;Middle140years;South
>180years).IntheNorthandSouthsub-areas,younger
treeswereinfestedthroughtimeandeventuallythe
frequencydistributionofforestageassociatedwith
hotspotsbecamesimilartothebackgroundfrequency
distribution.OnedifferencebetweentheNorthand
Southsub-areasisthetemporalscalewithwhichthe

relativefrequencydistributionsbecomesimilar.Inthe
North,thehotspotfrequencydistributionofforest
agechangedoverseveralyears(i.e.,>7years)andwas
likelytheresultofsmaller,localizedmountainpine
beetleinfestationsandintensivemanagementthrough
harvesting.Incontrast,infestationsintheSouthwere
moreintenseandforestageassociatedwithhotspots
changedoverashortertimeperiodrelativetotheother
sub-areas(i.e.,~4years).IntheMiddlesub-area,the
relativefrequencydistributionsofforestageassociated
withhotspotsdidnotchangethroughtime.

Forcomparisonwithenvironmentalcharacteristics,
theproportionofactiveyearsthatwerehotwas
calculatedandclassifiedaszero,1–25%,26–50%,51–
75%,andgreaterthan75%.Thelowertheproportions

FIGURE4. Relativefrequencydistributionsofforestageforhot-spotlocations(solidline)andallpinelocations
(dottedline).
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FIGURE5. Relativefrequencydistributionsofforestageforhot-spotlocations(solidline)partitionedbythe
proportionofyearsalocationisahotspot.Forcomparison,relativefrequencydistributionsofforestageforallpine
locationsarealsoprovided(dottedline).

ofyearsthatarehot,thegreaterthesimilaritybetween
thehotspotandbackgroundrelativefrequency
distributions(Figure5).Locationsthatwereneverhot
haveafrequencydistributionsimilartothebackground
distributionofforestage;thistrendisthesamethrough
timeandbetweensub-areas.Higherproportionsof
yearsthatarehotareassociatedwithlargerpercentages
oflocationswithtreesolderthan120years.

Overlargeareas,theinteractionbetweenmountain
pinebeetleinfestationsandforestageseemsconsistent
withpublishedfindingsonstand-scalerelationships

(Safranyiketal.1974;Safranyiketal.1989).Hot
spotsoccurredinforestsolderthan100years,and
theintensityanddurationofmountainpinebeetle
infestationsweregreatestinareaswithmaturetrees.

Temporalchangesinthefrequencydistributionof
forestageassociatedwithhotspotswererelatedtoinitial
forestconditionsandtheintensityoftheinfestations.
Inallsub-areas,themountainpinebeetleinfested
youngertreesandthefrequencydistributionofforest
ageassociatedwithhotspotsbecamemoresimilarto
thebackgroundfrequencydistribution;inotherwords,
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overtime,thelocationsofhigh-intensityinfestations
becamemorerandom.Researchsuggeststhatmountain
pinebeetleepidemicsinitiateinmaturetrees,butonce
theinfestationisestablishedthebeetleswillattack
youngertrees(Safranyiketal1974;MitchellandPreisler
1991).Forestdepletionoccursinapredictablemanner,
inpart,becauseadirectrelationshipexistsbetweentree
mortalityandtreesize(SafranyikandCarroll2006).
Morebeetlesareproducedinlargetreesandasthesize
oftree,whichcorrelateswithage,decreases,thenumber
ofbeetlesproduceddeclinessothatverysmalltreesare
consideredbeetlesinks.Therefore,itislikelypreferable
forbeetlestoinfestthelargesttreesfirst.

HotSpotsandPercentageofPineCover

IntheMoricetsa,wherethepercentageofpinecover
waslessthan30%orgreaterthan80%,high-intensity
infestationsdidnotoccur.IntheNorth,36–47%of
single-yearhotspotswereassociatedwith30–40%
pineandonly9–23%ofhotspotsoccurredwherethe
percentageofpinewasgreaterthan60%(Figure6).The
Middlesub-areaalsoshowedlittlechangeovertime;
areaswith60–80%pinewereassociatedwith43–57%
ofhotspotsdependingontheyear.IntheSouth,
oncetheinfestationestablished,hotspotsoccurredat
locationsthathad40–70%pine,butby2002therelative
frequencydistributionofpercentagepineassociated
withhotspotswasnearlythesameasthebackground
frequencydistribution.

FIGURE6. Relativefrequencydistributionsofpercentagepinecoverforhot-spotlocations(solidline)andallpine
locations(dottedline).

Althoughtrendsvarybetweensub-areas,the
relationshipbetweentheproportionofhot-spotyears
andthepercentageofpinedemonstratesthatlocations
hotforthelongesttimeperiodsareoftenassociated
withhigherpercentagesofpine(Figure7).IntheNorth
sub-area,thedominantpercentageofpineassociated
withlocationswherehotspotspersistedforlessthan
75%ofyearswas30–40%;however,thisincreasedto
between40%and50%whenalocationwashotinmore
than75%ofactiveyears.IntheMiddlesub-area,the
dominantpercentageofpinewasconsistentlybetween
60%and80%.Yet,whenlocationswerehotspotsfor
morethan75%ofactiveyears,alargerportionof
locationsoccurredinhighpercentagepineareasand
onlyasmallportioninlowerpercentagepineareas.This
trendwasalsonotedintheSouthsub-area.Although
47–56%ofhotspotsoccurredwherethepercentageof
pinefellbetween40%and70%,locationshotformore
than75%ofactiveyearsmostoften(47%ofhotspots)
had70–80%pine.Aswithage,locationsthatwerenever
hotspotshadasimilarfrequencydistributiontothe
backgrounddistributionofpercentagepine.

IntheMoricetsa,mountainpinebeetlesseem
toinitiallyinfestlocationswithalowtomoderate
percentageofpine.Thisiscountertostand-scale
observationsthatmountainpinebeetlestypicallyinfest
purestands(Safranyiketal.1974).Inpart,thepreference
forstandswithamediumpercentageofpinemaybe
explainedbytheinverserelationshipbetweenforestage
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andthepercentageofpineinthisregion.Maturetrees
arefoundwherepinecoverislowtomoderate(40–80%).
Afterfire,pinealsoregeneratesinverydenseeven-
agedstands(LotanandPerry1983;Turneretal.2004).
Thehighstemdensityofthesestandsresultsinsmall-
diametertreesthatarelesssuitablehostsforbeetles.If
standsofallpineareunmanagedafterfire,theyarelikely
unsuitableforbeetles.

Thetemporalvariabilityintherelationshipbetween
high-magnitudeinfestationsandpercentageofpine
coverisanimportantfindingofthisstudy.Locations

withmoderatepinecover(40–70%)hadhigh-
magnitudeinfestationswhenbeetleswereinfestinga
newarea;however,largebeetlepopulationspersisted
thelongestwhenpinecoverwasatthehigherendof
thisrange(i.e.,70–80%).Withinastand,ifmore,large
pinehostsareavailableforinfestation,thenthecapacity
isgreatertoproducemorebeetlesthatwill,inturn,
enablepersistenceofinfestationhotspots(Safranyiket
al.1974;SafranyikandCarroll2006).Therefore,stands
withahigherpercentageofpinehaveagreaterpotential
tohostlargebeetlepopulationsforalongertime.

FIGURE7. Relativefrequencydistributionsofpercentagepinecoverforhot-spotlocations(solidline)partitionedby
theproportionofyearsalocationisahotspot.Forcomparison,relativefrequencydistributionsofpercentagepine
coverforallpinelocationsarealsoprovided(dottedline).
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HotSpotsandElevation

BecausetheMoricetsabordersthenorthernextentof
themountainpinebeetle’sspatialrange,trendsrelating
toelevationareparticularlyimportant.Temperatureis
knowntoaffectbeetlesuccessandmortality(Amman
1973),andatthenorthernperipheryofthebeetles’
range,temperaturevariationscausedbyterrainwill
determinewhichlocationsaresuitableforthebeetle.
Themostprevalentelevationsassociatedwithhotspots
were800mintheMiddlesub-area,900mintheNorth
sub-area,and1000mintheSouthsub-area.Inthe
Northsub-area,therelativefrequencydistributionsof
elevationsassociatedwithsingle-yearhotspotstended
todeviatefromthebackgroundfrequencydistribution
atasingle-elevationclass(Figure8).In1995and1996,
900-melevationsweremostfrequentlyassociatedwith
hotspots(44.7%and36.1%,respectively).In1999and
2000,thedominantelevationwas1000m(29.6%and
32.6%,respectively),andin2001thischangedto700m
(31.3%).Forotheryears,strongpreferenceswerenot
clear.IntheMiddlesub-area,hotspotsoccurredmost
frequentlyatelevationsof800m(rangingfrom28.6%
to40%),andthisdidnotchangewithtime.Similarly,
intheSouthsub-area900mwasthepreferredelevation
forhotspots(rangingfrom24.9to29.1%;elevations
greaterthan1000mmakeupbetween<1%and24.9%
ofallpineforests).Overtime,thefrequencydistribution
ofelevationsassociatedwithhotspotsbecamemore
similartothebackgroundfrequencydistribution.

Comparisonsbetweentheproportionofhot-spot
yearsandelevationdemonstratethatastheproportion
ofhot-spotyearsincreaseintheNorth,thepercentage
oflocationswithelevationsbetween900mand1000
malsorises(Figure9).IntheMiddleandSouthsub-
areas,whentheproportionofhot-spotyearswasgreater
than26%,relativefrequencydistributionsofelevation
associatedwithhotspotshadaconsistentshape.

Elevationsassociatedwithhotspotsareconstrained
bytherangeofelevationssuitableforpinegrowth,
whichintheMoricetsais600–1400m.Further
limitationsareassociatedwithelevationandclimate
(Amman1973;Safranyiketal.1974).Beetlepopulations
aremostsuccessfulwheretemperaturesarewarm
enoughtoallowtheproductionofabeetlepopulation
within1year.Ifthelifecycleislongerthan1year,
beetlemortalityrises.Forexample,cooltemperatures
relatedtoelevationsgreaterthan1900mnearthe
GrandTetonNationalParkdelayedmountainpine
beetledevelopmentandincreasedmortality(Amman
1973).Mortalityalsoincreasesifmountainpinebeetles
emergewhenclimateconditionsarelessthanoptimal.
Althoughitisdifficulttomakedirectcomparisonswith
differentgeographicallocations,theclimaticlimitations
fora1-yearlifecyclecanbeadeterminedlinearlyusing
elevationandlatitude(Amman1973;Safranyikand
Carroll2006).FortheMoricetsa,atapproximately
54°N,1-yearlifecyclesaregenerallylimitedtoelevations
oflessthan900m(Amman1973;SafranyikandCarroll

FIGURE8. Relativefrequencydistributionsofelevationforhot-spotlocations(solidline)andallpinelocations
(dottedline).
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2006).TheSouthsub-areamaybeabletosustain
populationsathigherelevationsbecauseoftemperature
inversions.Duringthewinter,temperaturesmayinvert,
causingthecoolesttemperaturestooccurinvalleys,
whichimprovesthesuccessofbeetlepopulationsat
higherelevations.

FIGURE9. Relativefrequencydistributionsofelevationforhot-spotlocations(solidline)partitionedbytheproportion
ofyearsalocationisahotspot.Forcomparison,relativefrequencydistributionsofelevationforallpinelocationsare
alsoprovided(dottedline).

HotSpotsandAspect
Aswithelevation,trendsrelatingtoaspectarelinkedto
temperature.Forsingle-yearcomparisonsbetweenhot
spotsandaspect,theNorthandMiddlesub-areaaspect
distributionswerealwayssimilartothebackground
distributions.IntheSouthsub-area,33–54%ofhot
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spotswerelocatedonwarmersouth-facingslopes(Table
5).Thedominanceofsouth-facingslopesdecreased
throughtime,andby2002thefrequencydistribution
ofaspectsassociatedwithhotspotsapproximatedthe
backgroundproportionof31%.

Therelationshipbetweentheproportionofhot-spot
yearsandaspectisinconsistentbetweensub-areas,yet
temporaltrendsemergewithinsub-areas(Table6).In
theNorthsub-area,57%ofhotspotswerelocatedon
westernslopeswhenhotspotsoccurredinmorethan
75%ofactiveyears.IntheMiddlesub-area,southand
easternslopesweremostcommonly(71%)associated
withlocationshotformorethan75%ofactiveyears.
IntheSouthsub-area,thelargestdeviationfromthe
backgroundtrendoccurredwhencellswerehotfor
51–75%ofyears.Inthiscase,51%ofhotspotswere
locatedonwarmer,south-facingslopes.

Therelationshipbetweenaspectandbeetle
infestationswasclearestduringtheinitiationofa
widespreadinfestationintheSouthsub-area,when
southernslopesappearedtobepreferred.Mountainpine
beetlesfirstinfestedthemostsuitablehabitatandthrough
timeattackedmoremarginalhosts.Suitablehabitats
werethosethatmaximizedbeetlesurvivalandalloweda
1-yearlifecycle.Atthenorthernextentofthemountain

TABLE6. Percentageofaspectsforhot-spotlocationsandallpinelocationsbasedontheproportionofhot-spotyears

 All 1–25% 26–50% 51–75% >75%

NORTHSUB-AREA

North 24.6 26.4 18.0 22.3 10.6

East 23.9 22.8 33.1 25.2 19.1

South 23.7 23.6 23.3 20.9 12.8

West 27.7 27.2 25.6 31.5 57.4

MIDDLESUB-AREA

North 24.9 26.0 25.2 23.1 14.5

East 23.9 23.8 23.1 26.8 36.6

South 27.6 27.1 26.1 29.6 34.2

West 23.6 23.1 25.6 20.5 14.6

SOUTHSUB-AREA

North 26.3 29.3 26.1 12.2 11.2

East 25.1 23.8 27.4 18.6 26.3

South 30.5 29.8 33.2 50.9 40.2

West 18.1 17.1 13.3 18.3 22.2

TABLE5. Percentageofaspectsforhot-spotlocations
andallpinelocations,fortheSouthsub-area

Aspect All 1999 2000 2001 2002

North 26.3 5.4 9.2 10.1 22.9

East 25.1 23.8 23.6 25.3 30.7

South 30.5 53.8 48.6 45.9 32.6

West 18.1 17.0 18.5 18.8 13.7

pinebeetle’srange,hosttreesonwarmlocationswere
preferred.Inmoresoutherlylocations,precipitation
ratherthantemperaturelimitedbeetlesuccess.

Populationswillbelimitedbytemperature,
particularlyatthenorthernmarginsofthemountain
pinebeetlerange.Aspectisimportant,assouth-and
west-facingaspectsarewarmer.Thesewarmeraspects
seemimportantforoutbreakinitialization(Safranyiket
al.1974).Aswell,newlyemergentbeetlespreferdirect
sourcesoflight,whicharelikelywarmerlocations
inamicroclimate(Safranyiketal.1989).Asbeetles
expandintonewterritories,duetoclimatevariability,
understandingthesignificanceofterrainisincreasingly
important(Carrolletal.2004).
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Conclusions

Detectingandmappinginfestationhotspotsindata
collectedtomonitormountainpinebeetlepopulations
addsvaluetoexistingforesthealthmanagement
programs.Byidentifyingwhereinfestationsaremost
intense,itispossibletobetterunderstandinteractions
betweenthemountainpinebeetleanditsunderlying
environment.Theserelationshipshaverarelybeen
describedwithdataforlargeareas.Themethods
outlinedhereprovideanimportantapproachto
exploratoryinvestigationofthespatialandspatial-
temporalvariabilityinmountainpinebeetlepopulation
dynamicsoverlargeareas.

Kerneldensityestimationenablesthegeneration
ofintensitysurfacesfromsurveypoints.Usingthese
surfaces,eachlocationwithinastudyareacanbe
classifiedasahotspotornon-hotspot.Whenhotspots
aredefinedasthetop10%ofestimatedintensityvalues,
hot-spotlocationsarevariablethroughtime.Locations
arerarelycategorizedashotspotsinmorethan1or
2yearsandtypicallylessthan25%ofyearshavehot-
spotinfestations.Epidemicbeetlepopulationswill
depletethesuitablehostswithinastandin1year.Hot
spotsdonotpersistbecausethereisnotenoughmature
pineataparticularlocationtosustainalargepopulation
formultiplelifecycles.

Thelackofpersistenceinhotspotsispartiallya
responsetotreatment.Wedeterminedthat,in2001,
infestationclustersassociatedwithhotspotswhich
underwentanytypeoftreatmentwerelesslikelyto
beassociatedwithhotspotsin2002.Notsurprisingly,
infestationclusterstreatedwithblockharvestin2001
wereneverassociatedwithhotspotsin2002.This
indicatesthatatleastsomeofthelackofpersistencein
hotspotsisassociatedwithmanagement.Regardless
ofthetypeoftreatment,managementreducedthe
persistenceofhotspots.Because51%ofhotspotswere
onlyhotin1year,andin200122%oflocationsreceived
treatment,itisreasonabletoassumethattheobserved
trendsarecapturingprocessesinadditiontotreatment.

Ourresearchresultsindicatethatforestmodels
whichuseenvironmentalconditionstodeterminea
particularlocation’ssusceptibilitytoinfestationwill
needtovaryrelationshipsbetweenenvironmental
factorsandinfestationlevelsdependingonthestage
oftheinfestation.Whenabeetleoutbreakoccursina
historicallyinfestedarea,theenvironmentalvariables
willdifferfromthoseassociatedwithabeetleoutbreak
inapreviouslynon-infestedregion.Assuch,when

landscape-scalemodellingisconductedtopredictfuture
beetleinfestationsandimpacts,thesignificanceofa
specificforestageclasswillchangedependingonthe
infestationphase.

Forsomeenvironmentalconditions,stand-scale
researchcanhelpexplainlarge-areaprocesses;for
otherconditions,scalingupstand-scalemodelsis
moreproblematic.Forinstance,relationshipsbetween
infestationhotspotsandforestagearesimilarto
observationsmadeatthestandscale;thatis,mature
treesarepreferredbythemountainpinebeetleandover
timeyoungertreesareinfested.However,themountain
pinebeetle’spreferentialselectionofmoderatepine
forestcoveratthelandscapelevelisunexpected,
althoughthisislikelylinked,inpart,torelationships
betweenforestageandpercentageofpinecoverinthe
Moricetsa.

Themethodsoutlinedinthisstudyareapplicable
toallforestdistrictswhereinsectinfestationsare
occurring.TheMoricetsasitsatthenorthernextent
ofthemountainpinebeetle’srange,andtherefore
someoftherelationshipsbetweenhotspotsandthe
environmentwehavedescribedarelikelyspecifictothis
area.Inparticular,weanticipatethatvariablesrelated
toclimate,suchaselevationandaspect,mayexhibit
location-specificrelationshipswithhotspots,whereas
therelationshipswithforestageandpercentageofpine
arelikelytransferabletoawiderspatialscale.Theexact
associationsbetweenhotspotsandenvironmental
characteristicsortreatmentwillvarydependingonthe
natureoftheunderlyinglandscape,theclimaticregime,
thebeetlepopulation,andmanagementactivities.
Althoughtherelationshipsdescribedinthisstudymay
notbedirectlytransferabletootherareas,theanalysis
approachesandgeneraltrendscaninformresearchand
managementconductedelsewhere.

Ourresearchresultsindicatethatforest
modelswhichuseenvironmentalconditions

todetermineaparticularlocation’s
susceptibilitytoinfestationwillneedto
varyrelationshipsbetweenenvironmental
factorsandinfestationlevelsdependingon

thestageoftheinfestation.
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TestYourKnowledge...
1.c2.d3.b

ANSWERS

Environmentalcharacteristicsofmountanpinebeetleinfestationhotspots

HowwellcanyourecallsomeofthemainmessagesintheprecedingResearchReport?
Testyourknowledgebyansweringthefollowingquestions.Answersareatthebottomofthepage.

1. Therelationshipbetweenhotspotsandforestagedoesnot:

a) Varywiththeageoftheinfestation
b) Varywiththelandscapedistributionofpineage
c) Favourforestagesgreaterthan160years
d) Differdependingonthetemporalpersistenceofhotspots

2. IntheMoricetsa,thetemporalpersistenceofhotspotsincreaseswhen...
a) Forestsaremature
b) Percentageofpinecoverislow
c) Aspectsaresouth-facing
d) Percentageofpinecoverishigh

3. Kerneldensityestimationisahelpfulfirststepinlocatinghotspotsbecause:

a) Itisusefulfordeterminingahot-spotthreshold
b) Itconvertspointstoacontinuoussurface
c) Itaidsinthedelineationofboundaries


