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Abstract

A foresl-bascd conccplUal model of ~pruccbeetle popu­
lation dynamic!> "a~ dc\'cloped based largely on the
colleclive hypothcse~. experience. and intuition of the
b:uk bectlc H:.'>carch (cam al Pacific Forestry CClllrc.
Only a limited amount of publi~hcd and unpubJi.'>hcd
information. from a population dynamics study of Ihe
spruce beetlc in cenlral Brili.'>h Columbia. wa.'> lIl>C(! ill

the development of the model. The modd pro\'idc~ a
means forcllalu:uing the relative importance ofa l1ulnbcr

of factors affecting spruce beelle populaliOlh and mOf­

tality of spruce from the .'>prucc beetle. SCIl.'>ilivilY
anal)'.'>!.'> indicated Ih.lllhe factOT.'> in the rnodelth;u had
the gre:llesl ('ffecb on cumulative -"pruee mon:llity" ere
foresl age. lllean July-Augu.'>\ lcmpemlurc. maximum
\\ ind speed, "inler mon:llil) of beetle:., :lIld direct
control. High den..ilic.. of logging rc:.idue or \\ indfall
were not :ll"'ay, follo\\ cd by increa..ed J..il1ing of 'prucc
trees: high den~ilie, of ~u..ceptible lree" "tOre abo
required for de\'clopmcllt of outbreaks, Thi:. model i"
u..eful for iltu~tr.lIing \\ hich factors mighl be imponant
in lhe developmenl and coun.e of a "pruce bt.--etle out­
break,

"

Resume

Un modi."le conceplUci forc:'lier de Ia d} n:trnique de.;;
popul:llions du dcndroclOne de rcpinclle a ctc claborc
principillernC1ll apari ir dc:. hypothbe~, de l'exl~ricncc

el de I' intuition de l'crl:>C1l1b1c des Illcmbre:. de I'equipe
de recherches :.llr Ie ~colYle de I'ccorce du Centre de
foresteric elu P;lcifi'lllC, $culclllcnl un nombre IimilC de
donnces publices el illcdile" provellanl d' une clude de 101
dynamique des popu Iill ion~ du dendroclone de I'cpi nellc
mCllce d:lI1s Ie ,'elllrc de [;1 Colomhia-l3rit:lnnique Olll
l>ervi aI' elaboration dll Illodele, Lc modcle eon... l illie Ult

outil pour c"aluer rimponllllce relalive <rlln cenain
nombrc de facteur.. :lg.i ..l>:trll 'llr Ie:. population~ du
dcndroctone de I'cpi nelle :lin:.i 'Iue pour dClcnniner 1:1
Tllonalih~ des cpinctlc.'> auribuab1c iI ce rJ.vageuL De,:>
ill1:tl}sc... de sen",ibililC Dill rC\clc que Ie:. facteur<. du
modele ayamlc'cffehlc, plu.'> marques sur Ia monalilc
cumulativc de rcpiocllc clilient rage du I>cuplcrnetll
forc~lier, la temper.lIurc mo}enne en juillet-aoul. la
\ ilel>:.e ma>;im:llc de:'> \elll:., la mortalitf hi\o.':nlille dc,
dendroclonel> elle... imen cnllon, dircctc~, La pre:.ence
d'une fone den... itC d~ rc,iduc d'exploitalion et de
chablb ne ~ tr;ldui,ail Pil~ toujour~ par une augmenta­
tion de hi mortillile de... cpinellc~: il f:llla!l qu'un !lr.llld
nombrc d'arbre, vulnCr.lble' ~oielll prt~nb IXlur
lIu'aPPilrai:.sc une infc ... t:l1ioll, Ce modele l)Crlllet
d' iIllistrerqllel~ factcllr" pourraientjoller un rolc irlllXH.
lanl darl.'> I'apparil ion el I' cvol Ulion d 'une infc...talioll <Ill
dcndrOClOllC de I'cpinclle,



Inlroduclion

The ~pruce beetle (Del/tlro("wI/IIS ntjifJ('f1/1is (K irby» i:>
native 10 the :-prucc (Picell :>p.) forCSb of Nonh Amcr­
ie:•. In Brili)h Columbia. il i... the rno:.1 destructive pc... ,
of m.llun: :.prucc forc..,l ... (Camell 1978). In 1972. :1
rnultidi~iplin;lr} n::.carch projcCl \', ;1.'> developed :lIthe
Pacific FOrCSIT} Centre \\ ilh the m:lln objectives of
db-covet). dc\dopmclll. and promotion of principles.
Icchlli que,. :lIld lllan;lgcllll"m guide lines 10 reduce losses
from \\ood-boring and phloem-feeding imeets. The
1Il:ljor rc'\C;Lrch cffon \\ a... initial I} directed :lIthe spruce
Ix-ellc. ;\ theoretical model of :.prucc beetle dynamic.'>
\\ a, buill in an attempt to c\ ;tlu.He lhe relative impor­
t:mec ofa number of fllC10~ that "erc thought 10 affect
:.prucc bcdlc popu1:llion... and the damage cau:.ed b)
them.

The Illodel is theorelical (orcollceptu;ll) a~ only a
limited amounl of dala .... :1' u-.cd in ih de\elopmcnt:
modcll>tructure <lnd illlerrclation, <lmoog \ariablel> are
ba~d on collecthe h)polhe<;e~.experience_ and inlui­
tion dc\cloped and te... ted in con'iUlt:ltions among the
mernbcl"ofthc rc:-carch team (see Acknowledgements).

The model \\:h built in an intemClive mode and
allow:,> an c\ aluation of the relathe effech of a number
of biological faclor., including lrec and stand faclOrl>.
dimat ic \ ari:lblc:-, and tnan:lgemcnl practicesoll :-pruce
beetle popul:llion:. and damage levels. The objel·ti\'esof
lhi, paper arc 10 de...eribc model development and
l>truclure. :md lOev,tlualc lhe pcrfomlallcc oflhe model.

Spruce beetle binlog)' and habits

The spruce beetle i~ principillly a pest or malure forests.
OUlbreak:. C,tn develop and pcr:.i:.t in large pole and
immature :.tand:- bUl u<;ually develop in mature or over­
nl;ltur~ :-lalld~ (Wygant and Lejeune 1967). In we,lern
C:lIlada there arc periodic :-e"ere outbreaks in white
... prucc (Pin'{/ g/I/llm (l'vlocnch) Voss) and Engelmann
:-prucc (p. t'lIgl'Il//(//lIIii Parry) fore:-l.... Nonnally. lhe
beetle anack, windf:\II,. logging :-Ia...h, alld injured trec...
(Collrcll IlJ7S). During epidemics. however. appar­
entl) healthy lree... ma) be killed over large area...

(Safr:lllyik 1'10/, 19R3).
Outbre;t1.. , u... uall) de\'elop during hoI. dry gro\\­

ing 'ea...on, and all l-nO\\n olltbre:ll-" h;1\e ol:curred
following I:lrge-,cale \\ indfall or large accumul:ltion...
of mall-made ,Ia...h. I-Io\\e\er. \'ilher or bOlh of the~e

condition, doc, nOI il1\ariabl) result in an outbreal-:
lhe--e condiliOlh appear 10 be necessaf} but not ... ufti­
dent in thern,el\e, for de\c1opmem of outbre:tl-~

(Safran) il- ('f 0/. 1910). The flight and anack period and
the length of the life C) ele:lre gO\emed by lemper:lturc

(Safranyik 19R5). The beetk~ell1ergcfrom ~oJ:ly lhrough
Augu,t. but peak Oighl normally occur... in June. UJXm
1000'atillg a ,uitable hO,I, the female beetles bore through
Ihc outer barl- :lnd commence ,~on... trllction of egg gal­
Icriel> in the inner barl-. Folio.... ing the iniliation of
boring.lhe female beetle:- begin producing popul:ltion­
:lggreg:lting pheromone,1 \\ hich, in combination .... ith
ho:-t vol'lIiles. :l1lr:lct beetle... of both sexes 10 Ihe hosl.
Depending on lhe ... ile of Ihe beetle populalion. the
densit) and ...p;uial di ...lribution of hosl matcrials. :lIld
temperature condilion:.. colonilalion (tmL<;s a\lack) of
individual hO'h ma) t:ll-e ~l fe .... day ... to three \~eeks.

The egg gallerie" mn pamllel to the grain and
a\ erJ.ge :lrout 13 cm in length. About 60 10 80 egg
galleriel>/m! :Ire nonnal ne:lr breast height in allacked
tn.--e.... Mating t:ll-e<; place in the egg galleries. Nomlall)'.
three 10 four group... of 20 or more egg... arc laid in
groove<; cuI :llong Ihe ... ides of the egg gal ieI') . resulling
in a lotal of80to IOOcgg<; peregg gallery. During \\ ann.
dl) summe..... parent bccllc<; lIlay rc-cmerge to auack
nc\\ hO~h. Typic:llly. <;t:lIlding tree... are infested up to a
hcight of 12to 15 m on the bole but \~ indfalls and felled
tree, ma) be infc~ted for lheir full lenglh to the point
\\ here the bole diameter i... 5 to 7 cm.

The lifecyc1e varie, frolll 110 3 year... (Schmid and
FI)'e 1977). In 1Il0~t are;!'. the 2-year C)c1e predomi­
nale,. \\ ith \ ..riou, prolxmion... of the brood developing
on .. I-year cycle. Larval diapause in the rounh in...tar is
induced \\ hen larvae arc ~ubjected10 coollcmperaturc...
during carly development (Dyer and Hall 1977). On:l 2­
year life cycle. the brood overwinter\ once:l'> larvae and
oncc a:. adult,. The 3-ycarcycle i... r:lre and confined 10
cool. shady location,. Regardle:-:- of the lenglh of the
Iife cycle, diapau:-e i:- mandatory for young beetle:-: that
i:-, they mu... t overwinler ollce a~ adulls in order to
reproducc. In laIc MUllIner and early fall. somc of lhe
young a{tults emcrge from slanding trees, fall or crawl
to the ground. and re-ClIlcr lhe trees near the base in
order 10 hibenwte. The proponion of bee:tle ... lhal drop 10
the b"...es of trces to hibcrnille varies cOI\:.iderably from

year 10 year.
The all:lcking beelle:- of bolh ...e.~e ... carry a...:-oci­

:lIed blue :-lain fungi into Ihe lrce which arc :-Ioughed off
during con~lruetiol1 of gallerie:-. In suiwble live trecs.
lhe-.c fungi quicl-Iy penCtratc r.ty and olller living cells
in both phloem and :-ap\\ood. The spread of thc fungi

I I\n aggrcgatll1g pherollione ha" nOI been i<;Qlalcd frofn
lhe 'pruce beetle. bUill' 1)f'C'>CllCe ha" been demolblraled .... ilh
virglll female, boring in 'IJfUCC hoI", (D~erand Ta~ lor (968).
The ,)'lIlhetic pheromone fronlalin (1,5-dimelh~ 1-6.8~

dlo\:lbic>c10IJ.1.1.locl:lne). 111 combinatioo .... ilh lhe 00..1
componcm alph.:l-plllCllC. I' cffectiH' for aggregaling :-pruce
beelle, 011 hu,t malerial (O~er and Chapman 1971).



around the tree i1> lI1ainly due 10 lan'al mining. Iflhe blue
~Iain fungi ,u("('("1>fully ("ololliL<:' the living cell,. Ihey
"ill the lree. The \..illing of living eelh b) the fungi
enhance:,> brood ("1>labli ..hmenl and ~un i\'al b) pre\ ~nl­
ing lhe production of re~inous :'>ubst:mce". Re... in pro­
dUClion i!o the princi~ll re,i:'>lance mechani,m of trcc'"
against :ll1:iCk b} lhe b:u" bectle-blue 'lain fungi COI11­
pIe'\: (Safran}ik l't al. 1983). 111e abilit} of tn."C,\ to
produce re:,>in in re,polhc 10 injur} gencmlly decline..
\\ ith age fol1O\\ ing m:lIurJtion (ShrimplOn 1973). ;\1,0'
resin produclion i, ad\'erM:ly affected by 1>tre:,>:,> faCio,",
!ouch as hoI. dry l>criiXb during the growing :,>c:l1>on
coupled wilh below-Ilormal precipitation (Puritch :lnd
Mullick 1975: Shrirnptoll 197R).

During outbrcak ... which nomlally last abOut 4
ycars. proportionately Illore larger diamcter trees afC
attacked ami killed (Swainc 1931: Werner and Ilohten
19R3: Safranyik l't al. 19M3). The lT10~t 1>usccptib1c
1>tands "PI>car 10 be tho;.C growing 011 good 1>ite" at low
e1ev:ltions (Kniglll /'1 (/1. 1956). especially when there j.,

a large prolxmion of ...prucc in the o\,er..tory (Schmid
and Hind1> 197~) and the 1>pruce has reduced mdial
growth (liard l'1 al. 1983: Safranyik rl al. 1983). Sa­
fmn} il.: (1985) "hO\\ cd Ihat the incidence ofinfe1>tation,
\\as direclly related to site qualil}. stand age. :lnd the
spruce componellt of :-otand:'>. and in\en.ely related 10
elevation.

When 1>pnlL"e beelle popul:lIions are 10\\. a number
of factor.. interact to l"C:'>trJin the potential of :'>lIth
population, to increa!oe. 111esc faeton. include climatic
effects (directl) on the in:'>CCt and indirectl} through the
tree). relation.. \\ ith the blue stain fungi and the tree.
predation. parasiti~l1l. and discase. The relaxation of
some of the1>e factor~ may pennit olllbreak... to dcvelop.

Model Construction

The model W:h written in FORTRAN IV and pre,ently
runs on a Vax 8650 under VMS. Since the model W:I"

created in the mid-1970·:.. imperial unit:,> were used. :md
are still used in Ihe pTC!>C1Il \ersion. The imperial unit:,>
ha\"e been corl\erted to metric unilS for the gr.lphical
output prel>Cllled in this repon.

I. StmclIIre. rime scale. alld modelling
approach

The :,>imul:uion model I:'> composed of 1\\ 0 "-tttiolh: the
biological componenl. made up of 14 subroutines and
the main progr.lm: and the nonbiological component.
made up of 12 utility \ubroutine:.. The nonbiological
~ubroutine.. are progr:.um that control inpul. output. and
inTeractivc ,imul:ttion. The biological ..ubroulinc..

2
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Figure I. Simplified now chan of thc sprucc beetle model.

... imul:lle ba1>ic forc:.t \ ariablcs. the imeraction bet\\ ecn
the spruce beetle and il:'> ho!ot. and Ihe population biol­
ogy of the bt.--etle. Some field dat:1 obtained a1> pan oflhe
"pruce beelle population ,Iudy during the period from
1973 to 1975 and M)IllC other publi ..hed data. a, de­
scribed belo..... \\erc u:'>Cd for cIe\"e lopmelll of the \ ari­
ou:'> empirical relatiolhhip... alllOll£ biOlic :md abiOlic
factors. In 1Il01>t ca:'>C:s. ho\\ e\ cr. oolh Ihe algebraic fonn
and the par.lrnelric \,:llue.. of Ihe:,>e rel:tlionship:,> \\ere
deduced from the colleclive experience and intuition of
the re;.Carch team.

The ll1cxlel is coded to yield an interactive !oimula­
tion. Simul:uion i.. done for an even-aged. unmanaged
forest situation. alld follows :111 annual cy[le (Figure I).

2. The IJiologicallJ/odl'l

In developing thh model. we a!o~ullled thai factor... that
have majoreffecb 011 ocetle c\tablbhment and ~urvival

(the incidence of windfall and logging residue. and the
..usceptibility of living tree:. 10 allacl.:) arc the major
detenninalll:,> of change:,> in beetle population and dam­
age le\"els. Thc!oC factors are discussed brieOy in the
description of the subl1'lodels.

The biological component consi1>1:'> of four part,,:
i) a forest submodel. ii) a tree :'>u'>Ccptibilit} submodel.
iii):In in'>Cclauacl.: submodel. and iv) a beelle popula­
tion submodel. A stand of:.prucc i!'> :,>pecificd in tenns of
area. ~itc qualit}. age. proportion of :,>pruce. deca)'
condition. soil moisture .. tatu:,>. :Ind logging hislOry. An
index of tree ~u:,>ceplibility is generated based on cli­
matic factors a1> \\ell a.. tree and forest char.lCteristic\.
Beetles arc intrcx!uced to attack availahle slash. wind-
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related 10 bOlh the pre-mllbrcak 'land dell:.ity :md dbh of
"pruce (S:lfranyil. 1985): 'lnd b) il \\;IS 'lssumed. for
simplicil} . lh'lIIhe beellc kills lhe fOrc:'1 in palche, and
lhe average diameter of Ihe re:.idual Malld is not af­
fected.

Logging may be simulated by :-1X.'Cifyillg Ihe logged
area. lhe tenglh-lo-widlh ratio of the cut. avcmge :-tump
height. and the ye.lr of the cut (or the fir~l ,lIld la~t years
of a period and an inlerval). The rel:lliollship belween
brea"l height di,lIlleter and stump heigh Idiameler of cut
trees is delemlined as in Alemdag and I-I Oller (1977).
Bark area of :111 individual qump i.. catcul:lled a.. the
sUfface :lfea of :I C} linder \\ ilh heighl and diarneler
equal 10 a\er.tge ~tump heighl and a\erage Slump di­
ameter. The lxlrl. area of logging re:.idue 'u.sccptible to
altack (exdu"i\c of SlUmps) i!> made proponional 10
SlUmp bart: area. based on dala from arc:IS in Ihe Na\ er
Foresl. aboul50klll:.outheasl of Prince George. Brili..h
Columbi:l. logged during 1973-75.

Windlhro\\ density i.. determined :.cparalely for
wet soils and fOf well-draincd ~oib in~ide lhe fore~t a~

well as :llong forc~t cdges. Windthrow density in~ide

the foresl (lA. Turner. ForC~lry Canada. Pacific For·
c~lry Cenlrc. ViclOria. pcr~onal communication) is
expres~ed as a funclion of maximum wind gusl for the
) car. mean \\ ind :.pced for Ihe :lre:l. a\ cragc tree hei!Jhl.
lhe proponion of ~pruce Slem:- \\ ilh \ i..iblc decay. and
lhe change in lhe a\ erage dcnsilyofli\'e trees during the
previou!> 3 ) caN (Figure ~). Fore:.l edge i, dcfint"d a!> a
sirip of fore~1 20 III dL"'t.·p bordering opening!> that \\ere
ncaled \\ ilhin Ihe ~ )ears preceding Ihe .. imul:llion
}ear. Along fOfCq edges. the lenglh-Io-\\ idth ralio and
lhe area of Ihe logged ponion a~ well a~ e:'limates of the
rclmive :-u~ceplibirity 10 windthro\\ of fore:.t edges of
variou~age~ (Ale:o;andcr I96-L 19(7) ;Ire used forcalcll­
huing winchhrow dcn~ily. I ncalculating the bark area of
wind-felled trcc~ il \Va:. assumed that 75% of lhe IOlal
bark area i~ a11acked regardle:., of beetlc population
Ie\ e1.

(ii) Tree .nuc('IJlibilitys/l"lIIod('/. For e:lch) ear of
~imulation.thi~~ubmodelgener.tle~lhe probabilit} of:t
spruce tree being :.ul>Ceplible 10 allacl. b) :.pnlce beellc!>
on \\CI and \\ell-dr.lined soils. This model also gener­
ate" the den~it} oflrec:. susceptible 10 spruce beetle. Atl
c1imalic and ~I:tnd variablc~ u!>cd wilh effecl!> on tree
..usceptibililY c:ln be varied siTl1utl:lneou... l} or individu­
ally.

The probabililY of a Iree being ~u ..ceplible 10
:.pruce beelle:. in a given year \\a:- expressed a~ a
flllKlion of ~l:lnd age grealer lhan 60 ycar:-. and lhe
inlcracliolls among lhe following variables: windfall
dell~ily: relative devialion in July.Augu:-1 aver:lge lem­
pcr.llUre during the prcviou~ ye:lr frOI1l the long-lenn
a\ emge July-Augu~t It'mpcr.llllre: :lI1d rclati\'e devia-
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Figure 2. Rc1a1ion~hip bt:,,,ccn ,1:lI1d age and a\crJgc IfCC
height on poor (a). medium (b) and good ~ilc (e).

fall~. and ,u"Ceplible lree~. and :1 beetle populalion i,
gcnerated for :mad. the follO\\ ing ) car (Figure I).

(iJ FOri'st sllbmodrl. The purpo~ of lhe SPniCC
fore~1 model i, 10 gcnerale hO~tlllaterial for Ihe in...e<:t.
Emptl;l~i .. \\ a.. placed on modelling Iho~e fore:.t charac­
leri:.lic:. lhal were judged to have illlporlant effecl" on
lhe establi~hlllenlo reproduction. :ll1d survival of lhe
beelle - age. height. diameter. dClbilY. bark area. and
density of .~pruce windfall and sla:.h. Average tree
height (Figure 2). diameler (Figure 3). and density :11 the
beginning of the simulalion period :Ire dctcrmined
scpar:lIe1y for each oflhree gro\\ ing :.ites as functioll~of
age. based on data in SI:II1d.. (1966) and thc Uni\ er.. ilY

FigUfC:l Rclation~hipoct\\cen ~11lnd ,lgC and the a\ ('rage dhh
of trec, on poor (a). medium (b) and good ~ite (e).

of Briti ...h Columbia Fore~If)' Ilandbook (1971). A\er­
age tree dem.it) i.. adju!>ted )early for \\ indlhrow and
Iree.. killed by 'pruce beelle'. In compuling ban. area.
il is a,,"umed Ih'lI IrCCS h:l\c conic :.hapes and Ihal
infeslCd height incrca'>£'~ wilh dbh (f\ !;I\-.ey and W) ganl
195~). When the ,imulaled forc~1 i~ composed of more
Ihan one growing ~ile and different proponion:- of
spruce (b) number of :.Iem:.) on each ~ilc. weighled
averagc~of lrec height. diameler. and density arc com­
puted for lhe cnlirc forest.

Althoug.h lhe proponion oflree~all:lcked by :-prucc
beetle~ during an epidemic i~ rcl:lled 10 lrec diameler
(Bakh 19~1: Safran) il.. 1985). dbh di,tribulion \\ a~ nOI
modelled forthe following re:hon~: :1) M:ll1d monalil) i"
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Figure 4. Simulatoo nurnlX'T of wiodlhro" II Irt.--C~ per h:l un .... ell dr.J.irn.-d M1il, a, a (Ulll'1l01l of maximum
"ind gu,\ \ docil) and proponional change in the den'>il) of Ii, e lret'" during Ihe p:hl J )ca~ for \'arioo'
cornbin:uioll~of a\cr.t~ tree height in IllClrc, (II) and the proportion of In.''C~ .... lIh "1'lblc TOOl or ba,al
dec:!.} (In TI1l:'oC rc,ull, arc for- a ITlC:lII .. IIld ~jX'Cd of Ie', than 16l:m,lhr. a) 11= 15. H=o; b) 1/=30. R=O:
c) 11=15. R=O.5: d) 11=30. R=.5. The cu.... c:. .... ere all gcncr.uoo from the gcncr.d l'tJuallon:

LOX = 0.018-1 (I + 2 'ID)( I + 2OR') vII II'"

.... hen: UJX i" y,indlhrown tree, per ha,l) i\change III 11\c 11\."'C den,il) during the pa'. 3 )l'a~ c.\pre".-ed

a, a proponiol1 of1i\e lree densil) for lhe CUITC11l )ear. and \I h m:l.\irnum" ind j!u-e \ c10cily t"lll/min.}.

lion in May-June precipitation of the previou~ year
from the long-teon average ~'Iay-June precipitation
(Figure 5). [ncrea",e in ho... t su...ceptibility with age, cs­
pecially past the cullllin;ltion of mean annual increment
:111d the auainmClI1 of maximum density, has been
observed for lodgepolc pinc aHaeked by the mountain
pine beetlc (Shrimptoll 197:\: Safranyik 1'1 01. IlJ74).
Susceptibility of 1)pruce tre(1) 10 aHack by the spruce
beetle al:>o incre:lse~ \~ ith ",tand age (Safranyik 1985).
Windfall density .... a ... included in the ~ubmodel for tree
susceptibility becau-.c it .... a... a~ ...umed thaI. following
he:wy wind... that uprootlree~.lhe fine root ~}-"lenh of
atieasl some of the ~tanding trees \\ ill be damaged and
their ability to ab..orb ",ater and nutrient" '" ill be re­
duced (Safranyik t't al. 1983). May-June pn.--cipilation

and July-Augu~t a\"cmge tempemlUre "'ere included
into the wbmodel ba~don Ihe assumption that reduced
precipitation at the ocginning of the gm\\ ing ",ea~n

combined'" ith higher than avemge summer tcmpem­
lUres would reduce tree gro\\ th and hence the re"i"tance
response of tree~ the following year. A" \\(.'11. MJch
"cather condition~ lend 10 increase the incidence of
brooddcvelopmcnt On a I-year lifecydc, and hence thc
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rate and conccntration of atl:lcb, BOlh of these factor-.
incro::a"e th..- "ucce"" oflhe <lll'ICk. Spruce beetles tend 10

attack tree" lhat grow ~Iowly (H,ml 1985). Thom",oll
and Shrirnpton (19S4) showed lhat very low precipita­
tion levels ill ",OIllC or .,11 of the months from May to
August were associaled wilh periods of n:duced growlh
oflodgcpole pine and pe,," growlh often occurred when
weather condition" throughoutlhe growing se"...on werc
dose to the long-IeI'm a\'cr:lgC. Soil moisture deficit in
the Iale spring and carly ~Ull1111er had the gre:llest
inhibiting affect 011 gro\\ th of \\ hite spruce in Canada
(Fm...er 1973).

(iii) I"set" atract slIbm(J(ld. This submodcl gencr­
ate~ the folio .... ing infom\:ltion: (a) Ihe pmlXlniotb of
the searching female beetle... thai will allad, l>1;l~h,

\\ indfall. and li\'e tree...: tb) the proponion of the "u~cp­
tib1c lrees that'" ill be attaded: (c) the proponion of
anacked trees Ihat \\ ill die: (d) the dcn... ity of U\-"C.,

killed by spruce ocetlc~: (e) attack dcnsitie" per unit
b.1fk area in windfall. ,Ia~h. and live uccs: and, (I) 10:.:.
of beetles during the night I~riod.

[nseci ,lilac" b ... imulaled onl yin forc"b older than
SO ye,us and with average dbh of :.pruce greater than
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Figure 5. Simulated proponion oftr\.-es susceptible to spruce b.."'Clle allack on well drJ.ined soil (SUSrD) as
a funclion of stand age (A). tl\'crugc DOH. windfall density (HL), and rclati\'c dc\'iation in ~lay-Juoc pre­
cipitation (N"'),

(a) DBI-! = 23 em. windfall density = O.25/ha
(b) DBH = 46 CIl1, windfall density'" O.25{ha
(c) DBH = 23 em. windfall density = 2.5111(1
(d) DBH = 46 em. windfall density:: 2.5/ha
ll1cse curves were all geller-ned from the general equation:
SUSTO = (O.05/300)(A-60)(I+RM)(I+O.08 RL)DBIl1f3.0 "fA.IS)]

20 em. The amount of suitable barl. area per hectare
(!ll ..~h." indfall. and li\'e trees combined) chosen:b the
lhrc~hotd for Ix-ctlcs \0 establish in .....imulatcd forC~1

was 2.5 rn~/ha. During the first year of infestation. an
average density of 12 felllales/ha is assumed to be
e:.tabli;,hed.

'1l1e propon ion:. of Ihe spruce beetle popul at ion al­
lacking windfall. ,I:t~h. and living susceplible host tree;,
Call be varied extemally by changing their "tmp effi­
tiCIlC}" indices. Trap efficiency defines an area of at­
tr::lction (a,> relali\c to the t01a1 simulated fOrcsl area. for
each of the three t)PC~ of host materials such thaI

C~::a,=I).,.,
The proponion of susceplible lrees aU:lcked. the

dcn,ity of trees dying (Figure 6). and :lllack density per
unit b:lrk area arc expre:.sed :IS functions of the sile of
the all:lcl..ing beetle populatioll. of the rclati\'e aV:lil:lbil­
ity of Ihe three I) pe:. of hO:'ls. :llld of tR"C susceplibilit).
~lIlaximurn allad. den:.ities of 250/m1 (for :.Ia:.h and
windfall) :lIld IOO/m~ (for live lree;,) were assumed. All

female beetles ..... iII c;,lablish all:lcks \\hcn a\'erage
allad. density is 60 or fewer per rnl::11 all:lck dcnsities
grealer than 60 and Ie;,;, than the maximulll. the propor­
lion of female beetles thut will establish attacks is in­
versely proportional 10 allad dcn:.ity. Those beetles
lhat were allracted to slash bUl could not make :J1Iack~

:.earch 10 :lllack windfall. and those bectles thai could
not :llIad. either of the:.e ho:.ts will sc:lfch to all:lck livc
tROC:>. Thc beelles thm could not :lIIacl.. any of tile three
type:. of hosts arc a.,:.umed to ha\c died or to havc
dispc~d from the simulmed area. The proponion of
fem:lle beetles thai did nOI make allacl..:. b calculated for
each ,imulalion year.

(ir) Bi'etlt- po/m/alioll .mlnl/m/d. Separately
for the three types of host material. this subrnodcl
generales the following information: a) eggs per unit
length of egg gallery. b) average egg gallery Icngth. c)
egg dell:.ily (cggs per unit area of bark). d) population
quality. :lIld e) Ihe proponion of the brood that develop:.
on a I-)ear life cycle. It also gcneratc:.. separately for
the firsl :lIld second yean. of the life c)c1c. the follo\\ ing
infonn:llion: SUl"\ ivai of brocxllhrough summer; mor­
talilY from competilion. insect p:lrasites and predalors.

,



Figur~ 6. Sinllll,ucd Ilumlx:rs of lrcc~ killed per hc{'13rc per
year from spruce bcClk ;lll;lck~ a~ a function of averagr :lllad:
den<ll)' per me (A'I) and Ire... ~u,tCplibiliIY (SUSTIJ). Thb
~urfKC wa~ gencr:llcd by Ihe cllualion:
Tree, kil1cd/h:l = {OJ528} (~\'(M) x DENSN ~ 25SUSTIJ!1

\\ here /JENSN = den,it) of li\c ~prucc (held al 125!ha)

",oodpcd:cr pred:llion. low temperature\>. and hal>!
faclors; 10lal beetle population for lhe slane!; and lhe
proponions of the ~cllc\ emerging from sla~h. \\ indo
fall. and standing tfee:>. The number ofeggs per em of
egg gallery (7.0) \\ a:. c:.lim;llcd from dala in Mas~y :lOd
W) gam (195..U. and the rdaliomhip bel\\ e'en a\ cmgc
egg gallery length :md :llIad. density \\as c:-.tim:llcd
from unpublishcdd:II:IOfE.D.A. Dyer. Pacific Fore:'l')
Centre. ViclOria.

We assumed thm populalion qualil), i~ a mea,urc
of the effeeb of brood den~ity and hO~1 facto~ on the
fecundil)' oflh..: female adull beetle. Attack density i, an
index of compelilion among individuals for food and
space as well as a main delenllinanl of allack sllcce:.:. in
live lrees. Populat ion quality for each beelle general iOIl
was lherefore modelled as a funclion of atlack densities
in the current and preceding generation. The numeric;.1
v:due, of lhe population <luality index generated var),
from 0.1 10 1.9 with 1.0 de,ignaling "nann'll" qual it)'.
Population qualit), can :ll~o be given arbitrar)' fixed
values for the simul:ltion period to test its effeci on the
beetle population :md the numbers of lrees killed b)
them. The effecls of egg~ pcrclll of egg gallery can be
tested in a similar manner: this enables us to lest idea!>
on the use ofchemicals. such as those which affect yolk
deposition and fenility. formanipulaling beelle popula­
lions. Chemical comrol of the insect in the aduh slage is
simulated by "killing" a ponion of the populalion from
the previous year. prior to allack. Available inpuls :lre
Ihe years in which chemical cOnlrol is applied (or the
first and lasl year and an imerval). and percem adult
111onality.

Only the 1- and 2-}car life cycles were modelled.
The length of the life cycle .... as detcmlined by the

/. SimularioJl

Weather tbt:l from one local ion over a period of 57
ycar1> are buill inlo the progr:lIl1. These data. whelher
modified or not, arc MJpplicd lothe Illodd allhe ..tart of
each sl1l1ul:l\ ion. E:lch paS~ through the rnainloop oflhe
program simulate:. a year.

Model Testing

In e\ alu:lling the perfonll:lIlce of Ihe model. ell1ph:"i~

.... a:. placed on Ihe long-tcml effecls of change.. in the
numerical value:. of -.ome I.e) parameters on the cumu­
latil e densily of tree, 1.IIIed b) the .\opruce beetle. The..e
~e) paramele,,", (e .g.. "ile qualit). percentage of :.pruce
in the "land. logging. windfall. beelle producli ... it) and
population qualil). and I.illin,g (control )ofadull bo..--ctb)
.... ere selecled ba~ed on published infom131ion and
experience. Some rc1:lIioll,hip:. among lhese \ ariable~
....ere also examined. Thesc :.irnul:llions arc ba:.ed on
.... cather data from Prince George. British Columbi:l for
each year between 1917 and 1973. Prince George had

relationship belwccn temperatures during the )oung
laf\ al stages (a,,:.urncd lOoccurduring July and Augu.\ot)
and the on~t of diapau~ in the founh lal"\ al in,mr
(Dyer and Hall 1977).

Brood SUf\ ivai to the cnd of the first summer (5.)

is calculated as 51 = I - (M, + M, - MrM) where M, is
brood mortality from compelition. and At,. i1> mortalil)
from in..eet predalors and par."ile1>. M, was modelled as
a funclion of the di:uncter of the host material and egg.
derbit) in sla~h and \\ indfall. and a~ a function of hO'1
1>uM:eptibility. hOSl di:lmeter. and ;l\I:IC~ dens it)' in live
trees. M was assumed 10 be:l COl1.\otalH proportion (5lh-),
of M,. There is in~lIfficicnl ~nowled£c of the effecE.' of
insect predalors and parasites (Schmid and Frye 1977)
other than that the)' cOlleclively cause lillie mortalilY.
The effects of nemalodes, miles, and disease 011 egg
production and survival Ilere 1I0t modelled.

Winter survival W:l1'> modelled as :1 funclion of
)early minimum !Cl11pcr:llure, and was ba~ed on re­
ported effecl~ of 10.... tcmperature~ 011 becl1c :.urvival
(Ma!'oscy and Wygant 195~). Il'lortality from \\oodpcc~­

C~ \\:15 modelled :IS a function of brood density only
(Knight 1958: Koplin and IbId.... in 1970). A maximum
mortalit)' of 4(}'( from lloodpccker predalion \\a, a,­
sumed. Also. Ihe prob~lbililies of an insecl d) ing from
10.... 1\ inler temperalure:. or from .... oodpecker predalion
can both be SCI externally to a fixed \'aluc for Ihe
dur:ltion of the simulat ion period. Mortalit)' during the
loCCond )ear of the life c)c1c b modelled in a :.irnilar
manner to that described abO\e for the fir~t )ear of the
life cycle.

•
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long continuous we:uher records and it is loc:ued in an
area that historically has suffered repeated large-sc:.le
outbreaks. Some of the more iml>onant resulls arc as
follows: •
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Figure 7. Simulatcd effccts of (3) ~ilc *mlily (u~ing purc
,prucc on a good ~ilC (Ind on a poor sitc) am] (b) spruce
t"Ol11posi tion (u~i ng agood ~ lie) on CUlllU lativc densilyof trees
lillt.-d by "prut'C Dectlcs in:l 4000-ha ~t:lnd during a 3O.)c:lr
pcnod. The qand "as 150 }C3f"O old :11 the stan of lhe
,imutation.

(5) Brood productivity in logging slash is geocl"3l1y
lower than in windfall or standing trees. However.
as the densityofwindthrow is high on the CUt edges
compared IOthat inside the stand. somecornbinations
of edge windthrow density. brood survival. ;lIld
stand susceptibility will cause a local outbreak
(Figure I I).

(I) Both site quality and the percentage of spruce
strongly affeclthe density of spruce killed by
spruce beetles (Figure 7).

(2) In m:uure stands. low beetle population levels
tended to occur during years when a high
proponion of the population emerged from the
wind-felled trees (Figure 8).

(3) A high density of susceptible trees is required forthe
de\'c1opment of an outbreak.

(4) There was a direcl but weak relationship between
the density of an:Jcked trees and the percelllage of
beetles developing on a I-year life cycle (Figure 9).
High stash or windfall density (Figure 10) and high
pre-outbrt:ak beetle numbers are :.pparently neither
necessary nor a sufficient condition for an outbreak
in live trees.

(6) Changes in the numbers of eggs laid per COl of egg
gallery ha\'e strong effects on beetle population size
but only moderate effects on the density of killed
trees (Figure 12).

(7) Killing 95% of the adull beetles through applied
control two orthree times at intervals of2to 3 years
althe beginning of an outbreak resuhs in moderate
savings in live trees (Figure 13),

(8) Peaks of simulated beetle abundance for a 57-year
period genemllycorrespond to the periods ofknown
and locally remembered spruce beetle outbreaks in
central British Columbia (Figure 14).

The simulated effects of some of these variables,
such as logging residue. windlhrow. and tree suscepti­
bility. on tree mortalilY caused by the spruce beetle
reinforced our previous thinking regarding their roles in
spruce beetle population dynamics.

2. Sensitivity analysis

A parameter sensitivity analysis is included in the
sim ul at ion program. This systemat ically varies the val ues

7



Figure 10. Thc "imul'll!.:t! !lumocr of windlhrown trcc~ pcr
heClart.' ;1Ilt! lhc nUlllbcrof ~pn.ICt.' lrcc, ki lied by spruce bectle_
pt.'r hectare lhc follo\\ing y~ar in:l ~OOO·ha malilre 'pru('c
fore;,' o\t'r a 30-) car period. 111C _land "a~ t50 yea"" old :II
lhe ;,tan oflhe "imulalion.

f-"igure 9. Rclallon,hip bel"een lhe 'Iululated numbcroftret·,
:mad.cd per ht:l:lare per )ear and lhc percentage of 'PfUCC
bcelll:, thal dc\'clolx:d on a I-)ear life ('yclc during thc
pr~viou, )C;lr ill;l 4{)(X}·h;t m:llllrc ~prucc forc~t during a 57­
year I~riod. The 'land wa~ 150 )'~aN old <ltlhe ~lar1 of the
~imlllaliOI\.
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slrongly affected tree dealhs \\ere the :l£e ofthc sland at

the "tan of the simulation. the rne;m temperature in Jul)
and Augu:.t. and the m:l '(imulll v, ind \'elot.-il); each ofof
these f;1('tor.... affected cUlllul:ui\'e lrec death~ by!tC\ er:.11
orders of lllagnitude over the 50-150lk r.ll1ge of the
paramel('r being \':lried. Of these factors. only the age of
the stalld i, under :Iny degree of control by lhe fore"t
manager.

Of lhe parameters under direct conlrol by lhe
fore"l manager. Ihe age of lhe Sland is lhe most impor­
tant. foJlo\\ed by the Prol>Ortion of beetles killed by
direct conlrol. In addit ion. \\ inler mortality and \\ ood­
Ix:d..er activity ,how promi~ca, conlrol agent:. if either
could be manipulated.

of each of tile p.uameters one at a time. In ca!tCs where
the default \alue \\a~ non-zero. the par::uneler \\as
\ aTied from JOCk of Ihe def:1U1t \ "Iue up to 150(l of the
default v,llue ill c1c\ ('n ... tep... ; in cascs where the default
value was zero. the parameter v, as varied over a r('a'on·
able ran!,!e. The final value... ofeal'll oflhe variables (or.
in ~01l1C cases.lhe aCl'lullulaled values over the kn£lh of
lhe rUII) arc Olllpliito a file 1'01' ~ubseqllenl graphing "nd
inspeclion. These values arc graphed again~llhe valu('
of lhe parameler being varied. Two v'lriable~ were
...elected a being of p:lrlicular inlerestto fore.~ters. alld
lhese ;Ire hown in Figure 15. The variables cho~en arc
(a) the IOtalnumber of female beetles produ('ed o\er a
20-)e:lr run. and (b) lhe cumulative number of dead
trct"s per hectare re...ulting from beetle allad.. llle.;;c arc
graphed against the follov, ing natur.ll and conlrol pam­
mele....: the age of the stand at the sian of the simul:llion.
the arC;1 of the slall(!. the Prol>Orlion of the beetles
attacking \\ indfall.the proponioll ofthe area that i~ a tlr)
site. the amount of rain in May. the amouill of rain in
June. lhe mean temperalure in July and Augll'!. lhe
maximlllll wind velocilY. Ihe Pl'OportiOll of Irees wilh
visible decay. eggs per unil length of gallery. willter
mortality. beetle l\ualily. the prol>Ortioll of Ix:ellc.~ lhat
die from woodpt,:ckerpredation.lhe proponion ofbeclle'
killed through direct cOl1lrol. the area of spruce fore... t
cut each )ear. and the length-to-v, idth r.t.lio of the cuI.

Ofthc,e parameteN.the proponionofthe area th"t
i:o a dry site and lhe lenglh-lo-width ratio of the cut h:td
vinu'llly no effecl 011 either the tOial number of felll:lle:o
produced orculllul"tivc monaht) mera 20~)car run. Of
the fCmaining par.uneten., the amOUlll of rain in l\'la)
and in June and the area of spruce fore... t cut each) car
had rclali\'cly linle effecl on either lhe total number of
female~produced or the cUll1ulat ive mortalilY over a 20­
ye;lr rUIl. The parameler., wilh lhe "Irongesl effc(.·t oUlhe
IOlal number of females produced or the cumulative
mortalilY 0\ er" 20-) car run were lhe age of the "land al
the ... lan of the simulation. the mcan temper-Ilure in July
and f\UgU"1. the maximum \\ ind \·c1ocity. wimer mar·
tality. and the proponion ofbcetles killed through direct
(,·ontrol. In addilion. tile 10t,,1 number of female... pro­
duced in a 20-yearrun \\:1... :otrongl) affecled b) the area
of the :oland. the proponion of Ix't"lle:o :mad.ing v, ind­
fall. the number of eggs per unit lenglh of galler). :lIld
the qual it) of the beetle~. None of the impon:lllt pamme­
tt"r~ affecled the cumulative mortality over a 20-year run
more ;,lrongly lhan they affected lhe number of fcmale,
produced over a 20-year run. Sillce tree dealhs arc
mediated primarily by beelle ... and since mO~1 of Ihe
parameler, affect the bectle~ more directly lhall the
tree.... it ;lppear" lhat there are buffering faclOr, in the
:o),tem v, hereby the produclion of beetlc~ i, not tr.llh­
lated direcll) inlo tree deatlh. The facto,.., that lllo,t
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Discussion

TIll' foregoing gener,,1 analysis indicates thai qualita­
tively. at least. the main characteristics of the interac­
tions belween the host :md the beetle (such as host
su'>Ccptibility. \\indthrow history. and sile quality ef­
feets on monalitycaused by lhe ocetle). and changes in
occtle numoc~ through time (Figure 1-4) appear 10 h:ave
been simulated reasonably well by the mode1. As tree
death is mediated directly Ihrough allacks by fcmale
beetles. it is not surprising that the size of thc femalc
population was the mosl imponanl single variablc af­
fecting tree monalily. Consequently. <lily variable Ih:ll
h:ld a slrong effeel on beclle population size (e.g..
den~ity of egg~ per unit lenglll of egg galtery lenglh.
prol>onion of females that allacked windfelled trees.
beelle quality. proponion of beetles killed by direct
control. and winter rnonalil y) was also;l majordClCnlli­
nant of tree mortality. Other variables that had strong
effects on tree monality werc those that influenced both
host availability (such as host susceptibility and bark
arc:l of susceplible trce~) and beetle development and
~uf\'i\'al (such a~ age of the trees. m:l.'dmum wind
velocity during the year. avcrJgc July-August tempera­
ture. site quality, and spruce component of the fores!).
As a consequence of thesc rc1mionships. high occlle
populations did not invariably result in outbreaks and
high levet of tree Illonality. Forexarnple, the proportion
of beetles attacking windfeJled trces had a strong direct
effect on Ihe ~il.e of adult beetle population. but ye:lrs
\\ itll high denl>itie~ of windfclled trees and largc beetle
populations emerging from such host materials wcre
not always fotlo"cd by an outbreak in live trees.

The main results from the simulalion runs sUPI>on
cxperimental obscrvations. Safranyik l'l al. (1983) found
thaI yearly I>opulation size of the spruce beetle over:1 7­
year period in:m 831-h:J rmlture forcsl in ccntral Brit i~h
Columbia varied difL-ctly with percelll elllergencc from
\\ indfall inside lhe stand. but not \\ ith percent emer­
gence from" indfalt along stand edges or from logging
residue. The year of peak population size coincidcd
with the emcrgcnce of the highest peJ'("cnlage of I-ye:lr
cyclc beellcs and was prcceded by 3 years of high
windfall density. Even though a high density of trees
were allackcd. most of the attacks were unsucce~sfu1.

rn;linly due 10 low tree susceptibility. The most severe
outbreak on record in ccntrJl British Columbia. from
1961 to 1963. \\as preceded by cxtensi\'c windfall and
coincided \\ itll dcpressed illcrcmental growth(SafranyiJ...
1'I al. 1983) and sumlller temperaturcs hOI enough 10
allow mOSI beellcs to devclop on a I-year life cycle
(Dyer and Hall 1977). The incidenccofinfestations and
long-teml losses from the spruce beelle arc strongly ;md
directly related to stand age. site quality_ 1)CJ'("cnt host
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Figure II. Simulated number of a[lacks per m~ in infested
trees in a I 25O-ha mature pure spruce forest over a ]o.year
period (a) without harvesting lind (b) with clear-cUlling one
160-ha block of forest each of the first 5 years of simulation.

Figure 12. Simul:lled relationship belWe\'n forest age and (3)
lhe number of female spruce beetles in II 4000-h3 mature
forcsL :md (b) cumulative density of kiltcd spruce trees al1 .....0
egg densities. Forest :lge was 150 years lit lhe stan of Ihe
simulation.
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the :.ize oftheo\'er.111 population (Safranyikel (II. 1983).
in :.ome }ears a large ponion of the beclle popUI:llion
may develop in lhis ho~t rn:l1erial. Consequently. log·
ging residue ma} be a precurwr of a local outbreaL

Decline in beetle \ igor :md egg deposilion mle
ha\e been associaled \\ ith lhe decline of spruce beetlc
populalion~ and tree mortality (Knight 1%9: McC:un­
bridge and Knight 1972). Although beetle \'igour
(population qualit}) \\a~ modelled only in tenns of
brood density_ thc model indirectly incorpor.lIes other
density-related effect!>o ~uch as incidence of disca~eand
some natural enemies :.uch ,.~ mites and nem:llode:. in
lhe adult population.

An unexpecled re:.uh frOIll ~illlulated conlrol by
killing a ti.~ed percenlage oflhe ;.dult beetles was thaI
killing as much as RO% of lhe adults annually (prior
~ill1ul:uioll. not shown) re:.ulted in a modesl reduct ion in
long-teml tree monality. Similar reduclions could be

obtained by killing 95('k of adults onl y during lhe I or:2
years preceding the on:.cl of outbreaks (Figure 13). The
on:.<:t of outbreak~ can be predicted through yearly
sun e}~. Although thi!> rc:.ult \\ a~ unexlX"'Cled. it refiecN
the geneml situation \\ jtll direct control of deSlnlcti\"e
bark. Ix--etlcs. During (>pidemic~. ,genemlion suni\:ll
tcnd~ to be high. and unlc~~ \ ery high proponionyofthc
beetles are de~tro}ed_ dill1lagc lc\'cls will remain sub­
st:mti:ll.

Since lhis model i... conceptual in :.tmcture and
fonnulation. caution mu~t be e'\Crcbed in interpreting
,imulaled resuh~. The rcliilbililY of predictions ba~ed

on the model would be ~ignificanlly improved b) Ihe
following change:.: (a) the revision of the forest model
to include height and dbh di:.tribution of spruce as
functions of site qual ity and "tand age: (b) testing "nd
refinement of the willdlhrow subl1lodel: and (e) te~ti 11£
and refinement of the tree susceptibility submodcl.
Nevenhcless. the model in its pre~ellt f0011 is useful for
exploring. variou:. a:.pect~ of ho~t-insect interaction,.
and possible Ix-etlc population and lree monality con,c­
lIuellce~of forest m;lIIagetllent practices and control by
killing adult beetles.
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Figure 1-1. Simul:lloo number of fCl1Ial(' spruce bcClk~ in :.
4(X)()-ha mature ~prucc fore,. during a 57-)car period and lhe
documented (solid horilOntallincs) :md locally remembered
(brulen horizontal line I beetle outbrcak~ in ttnlr.J1 Britbh
Columbia.

Figure lJ. Simullilcd rcl;llion~hip bcl,,'cen cumulative den·
silyofkilled 'l}rut'C lrci.'~ and .. l:md age :lllhrcc le"el, ofkilling
(cumml) of adult 'pruec t-celle, in a 4000-ha m:llUrc ,prucc
forc~l during:1 51 )C:IT period. The IhTtC !en"ls of"illing l'i:fC

the folio.... ing: (a) no comrol. (b) 9:;<:;- of lhe b...--etlcs killed In

the prc-oulbrcal yea!",) 25. 26. 41. -15. -19 and 52. and (e) 95'1
of bcrlle~ lilled CH'ry ) car.

composition and imersel) related 10 ele\alion (Sa­
fran}ik 1985). Ele\:uion can be used as an index of
temperature condition~ for brood de\'elopment and
~urvival.

Although the :.cn~iti\ ity analysis indicated the
area h:lrwsted and the ~hape of the cUlblod: had lillie
effect on beellc populations and lree mortality. and
beelle production in logging re~idue did nol vary with

The contribution:. of the follo\\ in,g colleague:. to the
dc\'elopmenl of \ :lriOUS a:.pccts of the biolog} submod­
el, through di:.cus:.ions and encouragement are grJ.te­
fully ackno\\ ledged: Dr. D.M. Shrimpton (tree ph) siol­
ogy): Drs. H.A. Mocd. and I-I.S. Whitney (in"Cct-host
interJ.ctions): the laIc Dr. J.A. Chapman. Dr. T.S. SahOla
ilnd rvlr E.D.A. Dyer (in:.cct biology). the late Dr. J.A.
Turner (bioIllCICOrology): and Dr. AJ. Thomson (bio­
logical modelling).
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Figure 15. Par.lmclcr :.ensilh ity OUlpul. Variables arc:
(i) The lotal number of female bccl1c~ produced.
(ii) The cUIllUlali\c monalily of tTee:!> on"' the 20 )eaf run. Both variables arc gr:aphed on the ,crtic:lI a_~is. 1be

paramcll.·..... ~hich "'ere used in thi, anal)sis \\crt:;

(A) STAND AGE - age of the "land al the imtlatlon of the simulation (default = 100 )'can.)
(8) LAND t\REA - area of the st:l.I1d (default = 4000 hal
(C) PROPORTION IN WINDFALL· proportion of beetles :llIacking windfall (dcfauh = 0..1)
(D) DRY SITE - proportion of area that h a dry ~i'e (defauh = 0.0)
(E) MA ,. RAIN - amount ofrJin in May (default :; 10 em).
(F) JUNE RAIN - minfall in June (dcf:mlt:; 8 em)

(G) TEMPERATURE - Mean lemperaturc in July and All£U'i1 (default "'" 10 C)
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