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Modelanalysl$Oftheimpor'tanceofreiterationfor
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branchlongevityinP夢eudotsugamerlZiesii
comparedwithAbiesgrlandis

MaureenC.Kennedy,E.DavidFord,andHiroakilshii
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Introduction

AnhnPOrtantadvanceintheundcrsLzLl1LJillgOfrrceI()llgCV-
ity istheobservali州 ｡rJ'Citeliltion throughepICOl･mic

RcceLVedBJilnuar)′2Oり4.PubllShedonthe～RCResearch
PressWebsi【cil一http://｡zmjhoHlr｡.CaOt123July2004.

M.C.K帥lledy.IQuaMita【iveむく)logy.lndRe醐 111cc
ManagemcnLUnivcl･SltyOrWashington,no託352loo.Seattle.
WAi)¥J95･2100.USA.
E･D･Ford州dHltdlii･2CollegeorForebtRcsoLlrCeS,
Unive-lSlt),OfWashington,Box3521OU,SedLIIc,WA981951
2JOO,L'SA.

'C()rrcsponding;luthor(e-1一一al】:mkcnn軌い〟ilSh川gtOnCdu)I
ニprcscnttlddTeSS:1)ivisionofFoL･e',SIReWulL;LIヽ,Gladuate
Schuo】(JfScienL:eandTechnology,KobcLTnivcrsity.Kobc
b57-B5(〟 ,Japan,

sproutlnganddesenpLiLmOrllleじOnHequenCeHhi･lhit.")n
branchJifeぺlJ乙111,ResinatldFilion(】99()‖oundrciLC1･iltl川1
Lobethelllainchl.aCteristicofyoungPie(,(i〃7Ell･(I(LIlLL⊥lrChl
Lectul･eandconcludedthiltintheabsenceorreitel･とItioni=rtl/C

wouldrapjdlysu什erfrom diebackwittlthek)ssoH-olz哨C
rl.Om)'Lsinnercrown.Reitera(ioninthelbrmorepleOrmit=
叩l･()utinghasalsobeenobselvedI一lFrEt_riluL.VI)(,17)I.1･I,･Il,EJflitLI
(RcmphrcyLlndDavidsonI992)artdP.yL,ul/(･LSug(/nlLノJT.jL,.Y/I
(Mirb,)Franco(BryanこtltLILanner19RL;lshiiltndrord
20()け AlthoughePlCOl-111icsproutlngCim beil】duccdhy
(lLLmage,tOhrdnChes(T3ryzulilndLdnnCrlり馴 1,hhil肌l
Fol.d(20Ol)stresstllatitoceurHCXlen汚lVClymoldgl･owth
brLlnChetqinthe,abscnccofobvioustr乙IumiL

Hal16elaI.(J978)observelhLILreitetr三日ionorahilHiじとIr-

chitccturalmodeliHl爪Hlr】ilmCntaln10rPhoJoglCalchilI･ilL･tCl.-
isLiL:Orlr｡p]caltrees.Reitel-atiotlI.efcl'ぶtOgr()WthlhiL(docs
notconstitutetheusualcxprc.qsioll()寸Ihc ill.Chllet:luriLI

6)2()1)LINlul(二ilǹlLl'L



Kennedyetal. 893

Fi拷･LSchemこItkL,1､1LlnnSused,branchesviewedfro111above.(fL)LnThe(1iagramthemainaxisorderIshoot.ihaveextenqiorlandtwo
luleralshootsCall-ycilr(A=3).whereとLSlZl【eralorder2shoots()nlyhavecxtens10neこIChyear(kII)LSuppressedbudsoccuronorder
1.qhLX)lmndcanresult111ePlいIrmicinitiiltion･(b)lfepiL10rmieininatlOniss1-cceSSful(indicatedbythearrowaHhebaseofthenew
shootclu･uerunit(SCU))Ip…leptJCrCitcra【ionofthemain-1IXissLruclurercsllllSandgenerationincreases.ThesegeneratiollSC.lnaCCu-
mu)ate,an(IuptoseyCnWereObLWrVedinPst,tJd(,IsugtLl17t･nZIeyIL(lshllandトord2OOl).Thereiterationmayormaynotbc()ithesame
si/Ll･lStheorigll-al､lluClule(1Li-hownsmallerheretohc】pdistinguishltfrnnHheDZigina)Structurel.Sequentialgrowthoccursas
the()rlglnalmai11ヱllldlatclalaxesextendeachycこIr.SequentlalreiterationoccurswhenalilteraiaxisisgiventhesatlleaVetagebifurca-
tlOnilStheorderInlこIlnaxistmJlLd】L)Wn),

/…be,;冨11ated //誓三11ー:X三ヲ//lorderllI//kl
bud '＼lateralaxle(order21

(b)

111Odet',rとlLhcr,wi【htheactivationoranexisting(oftendol-l
mim上)mcristem,thecompletelCPlicとItionoftheoriginal
とIT･Chitccturとllmodcloccurs･Foltl̀OPICattl~eeS,HilllectaL.
()L)78)reportthi."lSITliniatul▲etreeformsextendingverti-
CとIJlyfrom lと11ct･こ1日〕ranChes,repeat∫ngthe1-10delofgl･OWth
obscrvcdontllemalnSIclTIOl､thetree,similar一yobLqerVedby
EdclsleinilndFord(2()02)inTI1LLJaI)TICafalshilandFot'd
(200日obscrvedH1100tClusterunits(SCU),mo】ーphologicaLly
distinctplagJO11°OPICC)ustcl.SOffoliageinP.menzE'esii(Ishii
iLndFord20Ol,theirFig.3),whichalefomedthrough
p1-0JeptlCreLteI■ation ilnd occurhorizontally on existing
brilnChcs.

ThcbilLqicilT'ChitccttlrallTtOdclorbranchgrowthi一lOld

P･me'f77･iLJ･"'F'iHHTlilinaxisofthebrilnCh(thei-Lt.StOrdel'di-
recltyOITlhernalnlnlnk)thilthitstwoOrth-leedaughtel̀
.qh()olsperyear,WlthhIeralilXCSthatproduceoneortwo
daughtershootsperycilr(Fig.1).Weconslde71histobean
cxp]'C"iol10r叩ICaTdominanceoftheterminalapexofthe
br壬InChcluslcrLiOnthelatemfaxes,1ilniLingwhethertheir
budslornshoots(seeFord1985;Cline1994;Wilson20CIO),

whel･CiLHhcshortergrowthorshootsfrom budsonLater乙Il
;lXCSth;lldogrowisとInCXp-eSSionofbranchaplCalcontrol.
Theproleptlcgrowthol､cpICOrmicshootsobservedbylshii
LIndFord(2O()1)involvesformとItionorabudthatremalnS
dormilnl;Ltthesilmenodeonthemainaxisaslateral

brilnChesi111disu川illlyintheとIdaスialposition.Wilsoll
(200())restrichthetcrl一一…apicatdominilnCe"todescribethe
controlOrlhcoutgrowthofamcristemtheyearitisformed
之InddoesnotilPPtylttOanyformofproleptlCgrowth.Inthe
curJ'CntPaper,WCule.lPICaldominancetodescribethesup-
pressionofbudoutgrowth,1'eg.lrdlessofhowlongilgOthe
budl柑 rゝomlCd(rol′furtherdlSCuSS10nOfapicaldominance

LqCeWilson2()00;CLineandSuLIeski2002)IInepicormi.c
growth,乙l肌IPPrCSHCdbudcanberelcitSedf10111Lhcduml-
nとInCe01､ltsterminalilpeX(()naVCragC5yearslate]◆)and
sprout,vvhichwedefinetoformilhighergenerationofshoot
growth(tllg I).Thercaftel◆itsgrowthI.epeatSthebasicとlト

lnltlated
eplCOl:皿IC
(prol叩tlCgrowth,
generation2)

Sequentla1

/ 耶OT･th(genera亡l〔･111)

//メ/./
/ //′/

Chitecturalmodelofthemainbranchaxis.Thesez･epetitions
formtheSCUs,whicharedeemedmorphologlCaHydistinct
from theparentaxisiftheSCUisseparatedHPatiallybe-
causeofdeatllOfl】eedlcsatitsbase(Fig.1'.IshiiandFord
2001,theirFig.3).UsingthismOrPhologlCalcriterion,lshii
andFord(2001)observeduptosevencpicormicgeneL-ations

(Fig･1)thatresultedinSCUs.onP.mL'nzicsL'ibranchcs･
TheyalsodlSCernedtlVephaseslnthegrowthanddecayof
anSCU(IshiiandFord2001,theirFig.ll)･lshilandFord
(2001)proposereiterationasanexplanationforhowP.men-
<Tie.1･iicanbealong-livedpio【leer,thatis,estabJIShaftel'a
lmjordistul･bancc,yetpersistintheupperca110PythroLlgh-
outforestsuccesslOn.

Thispaperexp一oresthefollowIElgOVerとIrChlngquestion:
Whatbranchingcharacteristicsfaci)itatetheperseveranceof
lhtenZZ'esjiintheforestcanopythroughallstagesofforest
development?ToprovidecontextlnthestudyofP･men-
zie.yiL.,AbiesgrmdLS(D.DonexLamb･)Lindl･br=ulChing
w･LISalsoanalyzed.AbiesgrandiscoexistswilhPmenziL?･Vii
insuchold-growthforests,butitduesnotgrowastallnor
liveaslong,andthecontributionofepICOrmicstogrowtllin
A.grar7disisnegligible.InthecollteXlofthcconclusions
drawnbylshilandFord(2001).twomorphologicalandec0-
10glCalquestionsemerge:

(1)Howdoesepicol空 csproutlngresultinrnol◆Phologically
dlStlnCtandrepetlt-VeClustersoFfoliagethroughoutthe
P.menzleSiEbranching･slrLICtl】re?TheSCU,asdescnbed
bylshiiandFord(2001),hasthemorphologicalcharac-
teristicoflackofcontinultyOflivefoliage.Doesita一so

haveaphysIOlogLCa)Orlginbecauseofreleasefromthe
apLCaldominanceofanexistingbrilnChaxis,whichaト
lowsthebudtogrow,accompaniedbytheestablishment
ofsimllarcontrolwithintheSCU(physioLogicalinde-
pendence)?lfnot,thenthedivISIOnOfabranchinto
SCUSmaybeanal'tlfactofthemorphologlCalcharacter
isticsoftheblallCh.Forexample.inA.grandissequen-
tiallateralaxeshaverelativelyhighaveragebifuJ-Catioll

吃)2()04NRCCanadとL
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andvisuallyl-eSembJethecharacteristicmainaxiswe
havedescribedforP.menzie.upi.Dotheseconstitute
SCUsasweH?

(2)Whataretheadvantagesofrepeti(ionsofarchlteCtural
structurethroughoutabranchingsystem?TshiiandFord
(200J)stressthatpro]epticreiterationallowsPmen-
zieLn'itomaintainfoliagethroughoutitscrownwhen
】imitationsofcrownwidthpreventmuchfoliagepro-
ductionattheterminalendsorbranches(Ishiiand
Wilson2001).Howef'fectiveisproleptjcrelleratlOnin
compensatlngforsLLChsizelimitations?
To'lnSWertheflrStquestion.thedescrlPtlOnOrtheSCU
providedbylshiiandFord(2001)wasusedtoorgani7JC
foliageir7Simulatedbl-anChesofbothA.gra17di.vaTldP.men-
zt'esii.Inthispaper,SCUsareconsideredorganizational
unitsiftheirreiterativeproperties(actingasaflrSトorder
mainaxisandtherebybeingcor)sideredphysio)oglCal】yln-
dependent)Canbeappliedtoallsuchgroupingsthroughu山
thebranch,regardlessoflocation.Toanswel'thesecond
question,weusethecolnParisonbetweenA.grandisand
P.ynenziesii.WesurmisethatA.grandisisabletomaintain
itslivecrownthroughaconcentrationoftightlypackedfo-
liagelocateddistallyonbranchesandahlgherbranchden-
sitythroughitscrown(nLlmber()どbranchespermetreheight
growth;H.lshiiandD.C.Shaw,unpub7isheddata),whel'eaS
P･menzieLm'ihasamol.esprawlingbranchingstructure,With
Foliagemaintainedproximallyalongthebranchingaxis(see
lshiiandWilson2001forbranchingdensityofP.menziesL'i).
Toexplorebothquestions,Wedevelopedandassesseda
computerslmLllationmodelofbranchgrowth.Inacomputer
simu一ationwecanexploretheeffectofadjusLlngparalneterS
ofgrowth,manlPulaLionsthataredifficultorimpossiblein
therleld.Withcomputersimulationswccanalsoobservethe
developmentofthebranchstructurethroughtheentire
courseofdevelopment,ratherthaninferrlngdevelopment
fromacross-sectionalstudyofbranchstructuresOfdifferent
ages(forexamplesofplantrnodelsseeHonda1971;Honda
andFisher1978;Franco 1986;SutherlandalldStillman
1988;FordeLal,1990;Sorrenson-Cothernetal.1993).We
deve一opedastochasticmodelthataccommodatesreiteration,
wherereiterationoccursonexistlngbranchingstructures.
Wedonotsimulatethereiterationofnewleadersornew

branchesproducedonthemaintrullk.Themodelisdesigned
tosimuLategrowthforthepotentiallife-spanoftllebranch
forbothP.menzie.如iandA.grarldL-.T.

Methods

Datacollectionandanalysis

DataforF!menzies'iw.ereobtainedfromlshii(2000)and
usedtogenerateregressionrelationshipsforbothfollage
massandareapredictedbyfoliageageandorder.Newdata
weregatheredforA grandT'S(Kennedy2002)inthesame
manneraslshii(2000),Withtheexceptionthatorllythreeto-
Lalbrancheswel･ehal･ヽeStedandmeasuredbecauseoflimita-

tionstOSamplingintheForestServiceold-growthNatulてll
ResearchArea:Onebranchwasharvestedfrom thelower

crown,onefromthemlddlecrown,andハnefromtheupper
crownofthreedlfferenttrees.Thesedatawereusedtopro-
duceregressionrelationshipsforA.grandistopredict
foliagemassとIndarea.Additiollalnondestructivemeasure-

Can.｣.巨ot.Vol,82,2004

mentsofarchitecturalbranchingchat'acteristics,including
lateralbranchingangleandtheratiooflengthsbetweenpar-
entandlatera】shootsforbothP.mLynZ.iL,.Tt'T-andA.gl･andis,
weremZldcaHheWindRiverCanopyCraneReseilrChFLICi]-
ity(WRCCRF).ThegrowthofyoungepicolⅦicshootstruc-
tureswasa]Someasured:thelengthandageofdLlughtcr
shootsoftheinit】atedepICOrmlCarLdthenumbcl'ordaughter
shootspernodewasrecordedforfiveclustersoneachlnCと卜
suredbranch.Mapsofthesenewlyrorl-川1gClustersrcve乙l】
limitedgrowthforthefirst2years,then)ncrcaslnggrowth
thereafterbothinthebifurcationortheepICOrmicとLXisilnd
intheaveragelengthofshoots(Fig.2)･

ConStru(:lionlIrthesimulationmodel

TertlLS.･Shootordet･andgenet･aLion
Shoolsareorderedaccordingtothebotilnicalol̀denng
system(BorchertandSla°e】981),whichllSSumCSfunc=011山
relationshipsamongneshootsinthebrとInChingsystems
(Uylingsetal.J975).ShootsthatcoITledirectlyfrom the
trunkareorderedone;lalel'a]sllOOtSareaSSlgnedanordeJ'
oTlegleaterthantheirparent,andshootsthatrepresentex-
tensionoftheparentaxisarethesameorderitstheparent

(Fig･1)ISequentialgrowthisgrowthwithintheusualt=nin.g
ofthetree(afterasinglewinteT'ordorrmlnCy),andpl.OtePllC
growth]･qgrowthfromabudthathasbeenLIurmiLntFormore
thanonewinter.Similarly,sequel-1ialreitelationisthedc-
differentiationofalaterlLlapextofunctlOnaSilfit-Sトordcl.
mainaxiswithintheusuaLtimlngOl､growth,andproLcptle
reiterationisthereleaseFrom dormancyolとInePleOrlllic
shoot,whichthenl･eiteratesthe.qtl･uCtureOl､themitinilXi.q
(Fig.J)･Allepicorrnicshootsil】̀Cassignedloorderl(ゝu
thattheyreiteratethestructureorLhebranchmaillaxis)Iand
themainaxisoranyilldeper)dentSCUisas凱lmedtobe
orderL

Generationsarcassignedtodistinguish(hegrowtho(1ep1-
cormicshootsfromregular)atera】shoots.TherlrS=hoots
growninthesimulationareasslgnedlogenerationone∴lnd
allshootsprodllCedthrotlghsequentialgrowtharethesiHTtC
generationastheirparent.AneplCOrmicspl.Outisassigned
toageneraLioI1Onegreaterthanthatofitsparent(Fig･L.
lshiiandFol.d2001).

ModelsLrucfELre

Muchofthelanguageforthetwo-dimensional111OLlelr'011

lo†sFordandFord(1990)andFordetall(1')90)IThesin-u-
1at10nmodellungOnayearlytjmcstepとlndperrormSthe
followlngFunctionseachyear:
(1)Regularshootgrowth:Newshootsareproducedillthe
terminalendofactivenodesandとIreaSS】gned1)Ⅰ̀Cdicted
lengths,fo一iagemasses,之Indareas.
(2)Epicormlcinitiation:TheJTIOdc]te舶 wllClherpL.eVi-
ouslysuppressedbudsill'edueLobereleとISCdf)･ominhi-
bition.

(3)SCUindependcncc:IfacoHectionofshooLssatisricLqEhc
criteriontobecomeanewLyindependentSCU,lhetHh之lt
co】LectionofshootsisconsideredtofornlanewSCU

distinctfromtheparent'lXis.

Modelparameters
ThesixmodclpaI･ametersareValuesirnportLIntL'Orgrowth
thatareusedinthemode]butwet.enotdetenlllnedthlOugh

の20()4NRCCilniJdil
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Fig.3.Plotsoftotalfo】ialedshootsoヽel･limeforAbi(,5grtmdiswith50runsatthesameparametervalues(fl)Jnthelmljaln10del
whereal一ordersgl.eaterthan3aregiventheSameaveragebifurcatiorlaSOrder3,thereisunrealisticallyhighmaximumnllnlhersof
i(1llI1redsho()ts.(b〕WhenareductioninbirurcaLionoccursWithorder>3,therangeI)rthenumberoffoliatedshoot:iisgreatLyre-
dLICed.
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TableI.Parametersusedinthesimulationmodel.

白ロ00

600[l

LIOLIL1

2⊂1000

0 20 40 60 80

Year
肘

I)eraultvalues

ParLlnletCr Defini【ion Possiblevalues
P.†EJud()LilLJIu Ablps
menzLe.m ffr(LTZdis

rba Averageblfurcat10nOffirst-ordershoots
rbb Averagebifurcationofsecond-ordershoots
rbc Averagebifurcationofthird-Ordershoots
epirba AveragebifurcatiorlOfnewlyInitiatedepicormicshoots
Lule DesignateswhichoftW)ruleswillbeappliedforSCUindependence
eprule DesigllateSWhichofthreerulcswillbeappliedforeplCOrmicinitiation

(0,4)(0,4)

(0.4)

(0,4)
Oor2

(),1,or2

5

5

5
7

2

1
.
0
0

0
-

Notc:na,notapplicable.

greaterthan3areassignedthreedaughtershoots.This
changestheprobabi一ityordrawulgathreeasfollows:

P(k=3)=P(k≧3)
r2l =1-P(k=0,1,or2)

.ヱ N'el入ト∑J=0
wherethemeanofthedistributionisnolongerexactlythe九
parameter.Forexample,ifthevalueforaveragebifurcation
is3.0,theactua]meannumberofdaughtershootswillbe
2.328.Anybifurcationsexploredmustthereforebeconsid-
eredinthecontextofthisreducedexpectedvalue.Thereare
uniqueParametersfortheaveragebifurcationoforder1
(rba),order2(rbb),order3(rbc)andnewepicormicshuots
forthefirst2years(epirba),allddefaultvaluesforthepa-
rametersthatweredeterrnincdthroughinitiaLsimuJations
(TabJe]).

ltisthegeneralcaseforthesespecleSthataveragebifur-
cationdecreaseswithincreaslng()rder.Tfbifurcationsof
lqhootsorderedgreaterthan3aresimpLyglVentheorder3
parametervalue,thereareunrealisticallyhigh vatuesoftotal
shootsatyear90forA grandissirnulations,withsignificant

variability(Fig･3a)･Topreventtherequirementforauni9ue
parameterforallpossibleshootordersgreaterthan3astm-

plcmonotonenegativerelationshipwasusedfortheaverage
bifurcationofaHshootsgreaterthanorder3:

[3] Rb,3.,cd=Rb3×3
shootolde,

Thisreductionsuccessfullyreducedthemnge壬Indvilri-
abilityoftotalsimulatedshootsatyear90forA,grl"7̀IL-Ly
(Fig･3b).
Initialsimtlhtionsalsodemonstratedstrongcumuhtive
effectsofepICOrmicgrowthontheoutcomeofsimulLt(ions.
ForP.menzieLu'L'rnanyinitia一simtl]atedbrilnChcsdidnot
surviveuntiltheminimumageobservedbyJshiiとIndFord
(2001;Table4),andforthesimulatedbranchesthatper-
sistedtheoutcolneSWerehighlyval'1able(Flgゝ･4(I,4b).
Somesimulatedbrancheshadmorethanthreelimesthetotal

foljatedshootsthatwereobservedbyIshiiandFord(2OOl)･
Ourgoalwastoobservelong-termb1-anChdevelopment,とInd
iLseelllSnecessarytOenforceaminimumilmOuntOfgrowth
topreventtheprematuredeathofasimulatedbranch,The
modelwastherebymodifiedtoallocとItedeterministically
threedaughtershootseachyeartothetel.minalnodeorthe
regularmainzIXisforthefit'st50yearsofsequentiとllgrowth
(randmaH､=50).ThereaftertheregulとIrmとIillaxisbecolllCLq
.subjei;上土olllellBJldQ_lIHPQis_59nPrOCeSS･
rnitialslmulationsalsoshowedthatreiterationhadsignifi-
cantcumu一ativeeffectsontTlenumberOrrOliatedsho()ts()n

¢)2()()4NRCeilnildil
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Fig･4･Pl()tsoftotalr｡】】aledshoot=)vcrlimefL｡rpseudlJI･-ugaM,,nzle'Vll,WhereeilChcllrVet･ePreSentSaSinglerLln.(a)Thereisarlun-
rca日slici1日yhighnumberofshootsinthemlljEllmodcl,wl-bouttlllyredllCtl()All-ePIC()rmicinltiationwithlllCreaSlnggeneration,wlth
50runsaHhcsamepal､iinleterValues(/,日.bllatedshootsI-orsixSeedvalueschosenfordctailedとtrlalysis･(C)Regularshootsforthe

mXseedvallleHhowslmilargrowthovertlmel(4)DivergenceofgrowthこImOngthesixseedvaluesisevidentinthecourseofepi-
enrmk Shootsovertittle,il-dicatlngthatdifferentialstlCCCSSOfl･eiteralioneaJ･lylngrowthexplaintqthevariabi】ityobservedinbranch
devel叩111CnlandlhcHigninCanteu111u]ativeeffectsofreiteration･(a)Adelernl-nlSticmalnaxisresultsinpositiveandvariablegrowth
rt)r501u-1S.ffJAreductlOllingrowthwithincreas】ngepicormicgeneration(eq.4)restrlC【stheupperrangeoftotalshootsf()r5()
runs.
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thebranch(Figs,4C,4d),resultinginsimulatedbunches
withroliatedshootsmorethantTlreetimesthemaximumob-

served(Fig,4(,,Tab一e4;lshiiilndFord20()1).Toprevent
theshootdevelopmentfromreiterationtoproducelmPOSSl-
bJyJargebranchesltWasfoundnecessarylodecreasethe
probabilitythatanewlysproutedeplCOrmicshootbifurcates
successfully.Hal16etal.(19781observedadecreaseinboth
thesizJeandthenumberofbranchesandintern()desof

rcitcrativec()mplcxcsoftroplCalspeciesasthenumberof
complexesincreased.Themethodusedtoaccomplishade-

(千)

Yeel｢

creasedsuccessofinitiationwasltninverserelationshipbe-

tweenbifurcationofnew epleOrmicshootsalldgeneration

aboveachosengeneration(gen,ed):

[41 Rbi如 d=Rb"..×阜些 吐
Cplgcn

Avalueofthreefol̀genI｡dyieldedl̀eaSOnablesimulated

branches(Figl4f),andLhaLwaschosen.asthedefaultvalue･
ThisequationisthenappHedforallepICOrmicswithagen-

㊨2004NRCCallil山L
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Fig･5･Distrlbulion()Ithetirnjngoi叩1…rmlePrOduぐI】on(data什omlsh‖12(一oo)).ThedistributionsofI.elativefrequencyoftiming()tI
ep】cormkPr()duetiolldlOWSimlla)'ドhilpeSalltllthreeCrownposltll)nS,andagalTHlladIStrihutlOnWasChosenthatilPPrOXlmilteSthe
shapeortherl̀equenCYdlStribution.TheprobabilityofepleOrmiclnltlationpeaksaroundzlgeFIVE,lnddecllneHIllereこIrtLlr

{l
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e.1
j
賢

一t
E
E
a
∝

0 5 10 15 20

TlrningofEpICOrmlCProduCtl0n

erationoffourandabove.ThisreductionOnlyappHesto
Rh.H.,thatlS,tOtheflrSt2yearsofgrowthForanewepL-
cormiC,suchthatiftheinitiatedshootsuccessfullyelongates
subsequerltgrowthproceedsregard]essofgeneration.This
reductionrestrictLStheprobabilitythatanewepIcormicshoot
successfullydevelopsintoanSCU forhighergenerations
andrestrictsbaselinemodeloutcomesclosertotherilnge
observed(Flg･4f二Tab】e4).

RulesforepicortlLicinitiation

Tshii(2000)recordedLtleLiningofepicolmicinitiation,
thatis,thenumberofyearsofdorrnancybeforeabud
sproutedintoanep]cormicshoot,∧nalysISOfhisdatashows
thatthetimingofepicormicinitiation(Fig.5)peaksaround
5yearsafterthebudisformedandthendecllneS.Theasy711-
metricshapeofthisdistrlbutionresemblesthegammaprob-
abiLitydistribution(CaseJlaandtierger1990),whichisthe
sulnOfexpollel-tialdistributiol-S.Theexponentialdistribu-
tioniSaWaitJng-timedistribution,andthiscanreasonably
beinterpretedasthewaitlngtimetoepICOrmicinitiation.
Thisdistl.ibutionasamodificationoftheexponentialmay
reflectthatilisnotinevtfablethatadonllantbudLqPrOutStO
formanepICOrmicshoot.Forthesimu)ationsweassumethat
thegammadenSiLylSallappropriateStatisticall110delfor
timlngOfcpICOrnlicinitiationinlhnenziesii･As such,the
ageatwhichthatshootmaysproutancpICOrmicisgener-
atedfrom thegammadistributionForeachnewlygrown
first10rdershoot(Pressetal一1992)･Forexample,ifaparent
shootdrawsthenumberfive,thentheshootistestedfor

epJcormicinitiationduringthetimestepatwhichiti.3
5yearsold･P,drametel-SWereChosenthatqualitativeIypro-

ducedaganlmilProbabilitydlStributionthatnlとItChcdtheob-
servedvaluesalldhadasimilarmeiln(α=8,β=O.7.
Fig.5).Althoughtheseparametel-sdollOt1-こlVebiologicとIl
interpretations,thegammadistributionderinedbythem
closelyresenlblestheobserveddistl･ibution(Fig･5).

OncetheshootreachestheagethatwとImraWnforitrrol-1
thegammadistribution,andiftheshootsatlSriestheclうte-
rionforeplCOrmicinitiationLInderwhichthemodelisI-un-
ning(seebelow),thenanepICOrmlCShootlSPr(I(1uccd･lr
not,thebudisaborted.Epicormicsaresimulatedto叩LOut
onlyonexistlngbranchingstructures.ThemcatyureLlr山cor
epICOrTT)icillitiatiol1illA grandi.tlWastooinfrequentlobc
similar)yanaly7,ed,andcplCOrmicsal･CassumedtohilVCil
negligibleeffectonA.grundiゞgrowth.ItlmtStbcnoLcdhere
thatthedataforthetimlngOfepICOrmicinitiLltionwere紳 ll-
eredforeplCOmlicshootsth;lIhaditlreヱIdysproutedilnd
exc一udedanynodesthatdidnotsucccsげuLlyspl-outepl-
cormics.Therefore.theprobabilityofsproutingとItilPとH.licL卜
1aryearisllkelyoverestimated,whichiscot-1pen.qiltCdFori一l
thealtern'ltivcrulesforepICOrmicinitiation.

TheseruLesweredevelopedulldertheassull叩lIOnthill
apICaldominanceopcratcstoestablishilC7eu-ImainilXi-)ll
branchesinPmenziesiF'.butsomemechanislllOE■release
rronlaPicaldominanceisrequiredinthepl̀OCeSS()llep]-
Cormicspr0111]ngtOenIlblcreiLer;ltion.Tlis1.CとtWlilhlclhLllil
Taterallygrowlngaxisproducing乙IuXinmilyCOntJlibuLclo
maintainingdormancyofepIC01°micbuds,whicLICiLnbcr｡-
LeasedwllelltlleJatcralapexisLost.Thisideaisexploredin
thethrccaltcrnativcrulesfol.epicorllliciniliiltion(Titblel):

(1)SimpleinitiとItior.1:Ulldertl-isruletllereilrenOl'urlhc川､
strictionsoneplCOrmicgrowthandashootproducesiln

の2()04NRCC乙川Ill1il
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Expliln iltOryVLlriabLes

Con山nt I)C.qct.JPtlOn Possiblevalues Units Pseud(,tsILb,amenZi',.m'L' AbiesgrandE'S
lhetit Laleral.qho(-Ibmnclllngangle (土日O,Tl/2)

1r壬It lJCngthJ.ali()b亡Iwccnshootsordi什el･- (0.1)
cntoJdeJト

mu Spec-irlCnCedlc乙llLla:ratiool'h)1iage (0､-)

;trc･1tOh-1Ⅰ;lgC(drym･LISS
ma.I MこIS､Perlength:thefoliagedrylmSS ((),co )

pl-Cdictedr｡HlglVenShootlength
)ength lllClniliaHcngthandsllbsequenl (0,日))

length･H)∫rlrh1-Ordershools

rad Parent)ength

Unitless PareLltOrder.crown

ponLion
cm2/g shoo-age,SOUI-0日=(-n,

erownposition
g/Cm Shootage,cl･州′n

posjtion
u11 None

Parentorder,parcnr
lcngth,Crownpt)SitlOn
Parelllolder.cll0Wn

poLqition
Sh()olilgC,SCUrl(-Silion,
crownpotqition
Shootage,crown
potqilion
NOlle

Note:SCU,stlOOtCJusleluJllL

cpICOrmicwhenit1-e乙IChesitsdesignatedtimlng.This
ilmumeLqSOmCIllCCh･'MisITl()therthilnlとItet'alsuppl'eSSioll
orLhc(lormIlntbud.

(2)OnelmlCllVeSide'ApossibletheoJ･yfortheI,eleaseof
donmntbudsistherequlrenlenHhatatleastoneofthe
lLILcri11･LIXCSthLllissubtendedrrOInthesamenodeasthe

supprcISSCdbudiH1OlollgergL'OWlng.lfbothtllelate【一al
shoolsill'CSLi11とtCtivcatthedesignatedtime,thenLhc
ILLtCl.111乙IXCSこIrCaSSuITICdtobesuppl-esslngthedormant
bud.whichi.qthcnとIborted.

(_n TwoLnとICtlVeSides:Il一thlSCasebothofthelaterとIJsub-

tendcdilXCSnluStnOlongerbeg1-0WlngJnOrderforthe
budto叩I'OUtilneplCOl●mic,glVmgaStricterformofapl-
CとlldominitnCeOrtheLateraJshootsonthesuppressed
bud,th王Itiト,ironcaxisis.Stillgrowingthedorlmntbtld
rclmlin"uppressed.
UndcrとILlthL､CCrLlles,cpICOrmicssl-routOnlyonorde(1
IdXCHlndこlttcrthefirst2yearso1-growththeeplCOrmicaxis
isglVCnthesiHlleとtVel-agebifurciltionLISOtherI.irst-order
shootH.

RulesI(JrdeJilu'llgSCtiL'ndependence

EdChyCとIrlhじ1Tl｡LlelscヱII.Cheヽ l'urgroupsoL'rolkIgeLhilL
LlrCrCCOgni/.cdau-cwlyindependentSCUs,andeachshoot
inthegroupLSthenilSSlgned乙InSCUnumbel･.Twocriteria
todi㌔tinguishilldependentSCUscanbediscernedfromthe
lhcoryorlshlH1ndトord(2()Ol):

(])(lontigLIltyllule:AllSeUllqCOnSideredlndepelldentof
lhcpilrenLunitirilhastlormeda…petiole-likesection
sepとIrLltlng]lLSShootsspatiallyrl'Om theparentSCU"
(I,lhii2()()()).Undct'thiH∫-ule,alとIte1-alaxisorepicol●mic
isitHSuITtCdindcpcndcntofthemaillaxiswhenfoliilgC
nl()rl仙tyoccuJ.S乙IlitLqbase,rcsulいng]nlackorcontlgul
ltyOHoliutcdshootswiththemainaxis.Theshootson
thcm;lin之lXISOHhenewSCU al-CglVenOT.de1-I;the
rc111乙IinlngShootsil]'e1-COt̀dcredaccording一y.Thisru1e
rclicH㌔()lc】yoTllhcmol-PhologlCitllydinlnCLcharacteris-
1icorLhcobscrvcdSCUs.

(2)Epico]一micrulc･OJllyepicormicshootsformthebasisof
ilnewSCU,whicllJSとtSSumedtobeIndependentifitis
okIcHhiLn1()yci1-11<･Thisl〕一一CSCrVC㌧thecontlg111tyC一一ile-
ri()nrot.epicormicshootsdescribedabove,butlateral
血)oILlltrCnCVCrCOnSidcl●CdLObeindependentSCUs,
bccilu㍉CtllCydonotbiiul.C礼teilSfil.St-Orderaxes.This

glVeSilSLL.OngerPhysiologlCalbasislol'independence･

Forbothl･ulesthereisaminimumoflOshootsthtItCan
cornprlLSeilnindependentSCU,Sotheaxishasgrownatleast
longerthitnthemaximumassumedfoLiagetongevlty,Tllthe
stl･uCturChasfewerthan10㍍llOOtS,LtlSI.lhcledas"ml.qCeHiト
neousM.

Modelcunstanls

RegressionsobtainedLhruughdaLaとIni11yHswereusedin
themode一todetemtinefoliageamountsfol･ashootofa

givenageandlocationforbothspecies(Table2)･Whenthe
stiLtlSticalrelationshippredictedlessthanz.erofoliagemass
andat･e之1,0日ftheshootwasoldet.thanthemaxilnulnage
observed(LOyears),theshootwasconsidereddcfo]iated.
Regresdon equとltionswereulsogeneratedforarchitectural
parameters,includingbranchingallgle,andthe1-atioof
lengthsbetweenpal一entallddaughtershootso土difTerentol一一
der(Table2).Fol･Simplicity,ashootthatistheextensionof
theparentisassumedtohavethesamelengthalltheparent
(i.e.,constantgrow【hratea一ong'lnaxisofparticularorder).

SensF'tivityanalysis

ForeachspeciesalocaJsensitivityanalysis(Campolongo
etal.2OOO)WとISperformedforvaluesofaverとIgebifuL'Cations
inconjunctionwithfactorscreenlngOfthedifferentrulesfor
independenceofSCUs(tworules)ilndepicoL.micillitiation
(threerules).lnthismodelthetwofactors(SCUindepend-
encell.1lesとIndepicormicinitlationrl-leg)havesixdlStinct
combinations(Table3),andtheLocalsellSitivityanalysis
wasI◆epea【edforeachofthesixrulecombinations(seebe-
low).ForA.g/.andistllethleedifferentrulesforepicormic
initiationwerenotexploredbeciluSeePICOrmicswereas-
sumedtomakeanegligibleco一-tributionlogl.OWth･

Forsensitil′ltyanalysis80uniqueParameteri7･ationswere
genel-atedfore之IChrulecombin壬Ition.Eachcontinuouspa-
r.lmetel.WasSampled201】mesfrom<'Il1niformdisrrlbl山orl,
withtheotherskeptattheirdefaullva一ues.ForPmenziesii
Lhepur之ImeLersweresamp]edontherange(0,3),andfor

A･gra'ldLstheparameters.werestwTIPledonthe]･ange(0,4)I
ThereilreStrollsStOChastlCeffectsinthe!TIOdel(Flg･4f),
alldLOtrytOCOntrOHorthem inthesensLtivLtyallalysISa
slnglemndonlSeedwnく1]SedI-Oreachpnr･lmelersellTwo
runsWiththesarr)eparalneterValueswouldthe1-efol■eresult
inidenticalbranches.ArandomseedintegerthatYieldeda
celltralvaluein乙tPOpulとItioIIOf50modeloutputswitsCho-

senforusethroughoutthesensitivityanalysis(seed=21and

宅)2()()4NRCCimildil



900

Tab一e3.Rulec川rlbinalionsu六edforseJISitLVltyanalyses.
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Ruleco111bination

1
2

3

4

lJeserlptlOn

SCUsdevelop()nbothlatelalalldeplCO川1icaxes;epEC(llnlicssproutOnlyifoneIatcr.llaxisisinactive

SCUsdeveloponbothlateralandepICOrmlCaXeSlIlolimitationonepICOrrniei一一itiatJOn
Sn7sdevelop｡rlboth1(lteralandeplCOrmicaxes;eplCOrmicssproutonlybothofthelilleralaxe-rcinaclivL･
SCUsdeveJt)psolelyonepICnrrrtlCilXeS;nOllmitaliononeplCO1-michllTlalion

5(defaullcombinationJ SCu developsolelyonepJeOrmicaxes;epICOrmICS叩rOutOnlyitonehteralaxtsislnaClivc
6 SCUsdevelopsolelyoneplCC･rmicaxes;ePICOrlllicssproutonlyirholholthelateralaxeMrLIJltliILlTVe
Note:S(二U,shootcluトIeru111(.

17ForP･menzle･uiandA.grandis.respectively)･Analyses
wererepeatedforeachspecies,andtosavecomputation
Limethemodelwasru･-fc)r90yearsforbothspecies(Y90)･
Thisyearwaschosenasacentralbranchageobservedin
P.menzF'e.u'L',althoughnoA.grandL'sbrancheswereobserved
atthatage.TotalfoliatedshootsatY90wasplottedagalnSt
thesampledbifurcEltionrahOtOInfertheeffectofincreaslng
bifurcationateachbranchorderonshootgrowth.

AnalysisofbranchLon号evity
]nadditiontosensitivltyanalysis,modelbehaviorwasob-
servedforupto400yearsatthedel'{lultparametervElluesfor
eachspecies.Ifthebranchterminatedbefore400year.S,the
simulationended,andthecorrespondingyearwとLSrecorded
astheterminalageofthebranch.ThetotaH.oliatedshoots
overtlmCWasObservedforbranchesthatweregenerated
from fivesimulationsatderau】tparametervaluesforeach
speciestoassessvariabilityinthelong-term patternof
growth･InadditlOn,aPOPulationof50brancheswaspro-
ducedfわrbothspecies,andfrequencyhistogramsofternlト
nalageofthebranchwelePlotted.Fori:menzie.u'E-thetotal
SCUsovertimeandthenumberofscqucntialandcpicormic
shootsperSCUovertimewereplottedf()raslnglesimula-
tion.ThedevelopmentofaslngleSCUinPmenziesiL-was
observedthroughfrequencyhistogram.qof-shootsofdiffer-
entage-classesovertime.
ForF!menziesiitheepJCOrmicgeneration atwhich
l'educedepICOrmicgrowthwasapp一iedinthesimulat】on

(genred･eq･4)wasexplorcdthroughanalysiヲof50simula-
tionsthatwereproducedforeachgen.edranglngfromoneto
seven,Withallotherparametersattheirdefaultvalues.The
termin'llye;1TOfthebranchandthenlaXimum numberof

foliatedshootsobservedforthebranchwereplottedagainst
gen.i.A.SirnilとIr)y,Valuesranglngfl.om ]toloo,indexedby

10,ofrandnli.in(theyearatwhichthemain.axisbccamcsub-
jecttOthemndomPoissonprocess)werelnVeStlgated.

Results

Mode)analysis

Sensitivityanalysis:Pselldotsugamenziesjirule
combllnatL'orlS1-3

AllowlngSCUstodeveloponbothepICOrmicandlateral
axes(RCl-3;Table3)hasaprofoundeffectonmodelOUL
put.EvenatthedefaultbifurcationsthetotaJfoliatedshoots
atY90isimposslbLyhigh,CaustllgamemoryerrorOnthe
conlputer.ThisruleforSCUindependenceplacesthecurnu-
liLLivecJrecLsorrcitcratiuTIOIlalllateralshoots,effectively
increaslngthebifurcationofshootsofeverincreaslngOrder.

Thisallows.Sequentialreiteration10 0ccu)-OnkllcILIliLXeS
throughouttllebrancll.Giventhe.Simulations,thislcvelor
･sequentialreiterationincombinationwithprolcpt)creilerこl-
tioncannotoccurinP.menziesii.

PseLldo暮SllgamenZl'esiirulecombL-natil)n4
Rulecombinati()∩4(RC4;Tilble3)I.CquiresSCUドlode-
veloponlyonepICOrmicaxes.andcpICOl-mi｡]nitiitlioniHlOt
subjecttoallyJeHtrictiollSbey()】1dtllC乙tgeLILSPl'Outdcter一
minedbythegammadislribllt10n.Undcl.theseruleslhc
maximumoftotalshootsatY90withincreasingbirurcこItion
isgreaterthanforRC5andRC6'lCrOSS州 ordcrいtndlS
ElgaIn一argestwlthincrcaslngOrder3bifurcat10nillldthe
averagebifurcationofnewly･iniliilledcpICOltnlC 山 一oLゝ

(Fig･6)･UnderRC4thereとIrenO.rCSけictionsoncpicorLllic
initiation,hcncctheprocessofrelteriltionisenh乙InCCd;the
effectsofincreasesil一theparametel.ViLLuesill'CilmPLil'icd･
becausetheyareineffectingreatel.nulllbersorSCUs乙ICrO"
thebranch.

UnderRC4,thereisanincreaseintotalSCUswllhb()th
order1andinitiとItedepicormicbiful.Cations,butnorCklliLm -
shipwiththebifurcationsoforders2ilnd3(Figl71.The
magnitudeofthecfTcctsofincl'easlngOrderIiLndnewepl-
CoITnicaveragebifurcationisgreaterthとInfoI'RC5.Acl'OSS
a】lbifurcationsthenumberofSCUsisgreaterthanthellUm-
berofSCUsformedundel.RC5こlndRCh.

Pst!udotsugameIIXiesiirulecombL'natL'on5
UnderRulect)mblllation5(RC5;Tilble3).SCULqこtrCil.1-
sumedtodevelopsolclyoncpICOrmicshoots,notonlとItCrill
axes.andeplCOrmicinitiationislimitedbythercqulremet-I
ofoneinactive]ilteralaxis,lngenel一之Il,totLl11■o]ialedsho(山
show之InOnline(lrincreaSewilhincreaslngPこlrilnleterValtIC.～

(Fig･6).Themaや¶umtotalCollatedshoots乙ttY')0isgl■Cilト
esHbrincreasesl【1Orde13birurcatiolltllldtheblnlrCLLtionor

newlyInitiatedcpICOrmicshoots,wherea.Hhcm'lXlrmum for
increasesinbifurcationsoforders]and2aremuCllnTlこlllcr

(Fig.6).ttLqhouldbcnotedthattosavecomputationlilneir
thesimLJLatedbranchdevelopedmorethtln200,(一oof-011こIted
shoots,thesimulationwasterminated.andthatlotとILwとISl･C-

CordedastheendnumberoffollaLedshoots.Anyp()lnli)l
Fig.6(hatisabove200000roliatedshootsactuilllyrcprcI
sentsthefoliatedshootstheyearthesimulilllOnterminiLtC(L
notnecessari一yY9O.
SlightlydifferentresultsareobtainedwithtoliIISCUsLil
Y90.Thereissomeincreasewithincl-e乙ISlngOl.derLilVt汀とIge
bifurcation(Fig.7),buttherelSaSLlghtlynegative1.elation-
ShipbetweentotalSCUsandincreasesinol-der2birul'cilti(-n
(Fig.7).Thel.eEIPpearStObeLi〔tletolュotl~elldwithincl'Llil"
inorder3averagebiful̀catiorl,althoughro暮.hlghcrhirulCとト

の2()04NReCiltl乙ltlil
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Fig･6･ド()llatedsh(,｡tSatyCllrり(1°fPseulIotL川.qu1,ZenZieL"-IwithincreaslllgaVeJagebirurcalJOnOr(a)rlrSt-,(b)scC州dl,alld(IT)third-
ordcrshoots,州d(J)newepicormicshootsalthreedifferentrulecombinall()nS.NotethedifferentsCalcfol･foHiJtCdsh｡ot=1ftllird-

ordcrilndnewepIC｡rrnicshootsIIngellCralfoliatedshootslnCrCaSCnOnlinearly～ヽithi1-CreaS】ngaveragebifurcationordinerenlly
()rdcrcdsh()ot六･ThemagllituLleortheeffcclincreaseswhentherearclcwerleStrict1011SOnreiteratiollalldishighestfl)1lhJJd-Older
biru'calmn,InereaHIIlg111lhcaveragebiful･Catiol】Ofll亡WlyInitiatedel)lCO川1icsllOOtS.
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lionsthetrendisdirriculttoLlniI)yzebec肌ISeOrthee'lrlyter一
minationorthesimuhtioniFthebranchgrowstoolarge.
WlthlntherLlLeso1-theLl10de),howevcl･,Order3bitureation

isnotexpectedtointluenccthepI■OCCSSOfSCU fol-mation.
TotalSCUshalvealligh.SensitivJlytOincreasesJntheaver-
agebirul▲CaLionornewlylllitiLltedepICOrmicshoots,yielding

byrLll'thcku-gCStnurnbcrortot'1]SCUs(Fig･7)･

P5eudotsugamenziesiirulec()mbittLItior16

lnrL]lecombination6(RC6;Tab]C3)epic.01･1-Ticjl､itiatioll
lSrCStt.ictcdbytheI.Cqu=一cmCntOftwoinactlVClateralaxes,
andSCUsonlyformoneplCOl.micLLXeS.Themaximu111Sim-

ulatedtotLlH.oliとItCdshootswithincl一eaSlngbifurciltionisLess
lhllnthemilX)mumObLqerVedlJnderttC421ndRC5,withthe

cxceptlOnOrOrder3ilVeragebifurcation(Fig.6).Thereisno
叩pとu-entrelationshipbetweenincrellSlngOrdel●2biful-Cation
andtotalroLIatedshootsunderRC6.becauseitisdifficult

forbothh､tcILとIlilX.CStOI-0longerbcgl･OWing(arcqui.L･cmcnl
ll()repicormicinitliltion)withhigherorder2birurcatLOn.

ThcT-eliltionshi】〕nrLotillSCUswithincreilSlngbifurcation
showHilmOdeRtincreとtSCWithincrcasLngOrder1bifurcation,
bL)IilSteEldydecllneWltlllnel̀easlngOrder2blft】rc壬ltlOn

(Fig.7).Thisl'CHectstheFurtherrcstl■ictiollOnePicollnicini-
li,JlionsetbyRC6.ThelurgestincreaseintotalSCUsisseen
withhighc1-iIVe】てIgebih=-catioll0fnewepICOrlTlicshoots.
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Abiesgrandisl･uEecombinatL'onI
Undcrrulecombination1(RCl),SCUsとIreallowedtode-
veloponbothlateralandcpicormicaxesandthefu-lCtionat
roleoftheSCUbecomespossibleinA gr(tndis(Table3).
TlllPOSSlblyhighshooHotとILswel'eProducedunderlhlS1.i)le
combination,againbccauscofthecffcctsofillCreとISLngbi-
rurcaLionwithhlghcIOrdersorshooLs･AswithPmen=1-e.Yli,
itisobviousthatextensivesequentiall.eiterとItiononlaLel'al
shootsisnotpossibleinA.grandis.AlthoughA.grandt'LYlat-
eralaxeshaverelative一yhighbifurcations,theyiu.eCLe壬11'1y
notindependentstructuresthatrepe乙ItthefunetlOnOfthe
mainaxis.Rather,theyal●emOrPhologlCallydistinctstruc-
tul.eSWithintheusualexpressionofthearchitecturalmodel,

Abiesgrandisr･ulecombination4

ThemaxjnlumOftotalshootsatY90wasgreatestforin-

creasesinorder3bifu'cationcoITIParedwithordersland2
(Fig.81,RC4,Table3).ForA.gl･andtl.日herelianceunreguliLr
shootgrowthl.eSultsinaninc1-e'lSLngeffectofhigtlerbifur-
ctltionwithincreaslngShootorder.Theincl'eaSeOrtheaver-
ilgCblfurcatioll0fhigherordcl･CdshootsiscsscntialLythe
cqt11V乏ILcntofsequentlaJrelterat10n(dedifTcrcntiiltionofil
lateralaxistoreiteratethemainaxiswithintheusualtimlng

ofgrowth),which,asIT)entioned,WとlSSeentOhaveapro-
foundcumulativeeffectollA.gr･andE-.～b1-anCllgrowthAtthe

の2004NRCC.lTlndとl
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Fig.7.Totalsho(1tClustcrunits(SCUs)ft)rPseudoTsugamenzL'esiiatyeargOwithincrcこISingaveragebirurcalionl)r(LL)rIl-Sト,

(b)scconLll.L'tnd((.日hlr(1-or(1crshoots,and(d)theavel-agebiftlrCationorlleWePicormicshootsatthreedjfTerentrule｡ombi-1山ionS･
NotethedJfrercntscaleforloLLllSCUsofnewepICOrmicshoots･Thereisanon】inearIncreaseintotalSCUswithinereaslngfirst-order
averageb】fu)'C1ltlOn,butnorelaLiotlShipwithsecond-ordeJaverageblfl-reallOn･Therelat)onshipisambigtl()uSWiththird-(Jrderbifurca-
ti()n,andthereisanincreaseandlevelingwithhigheraveragebifurcationornewepICOrmicshoots･TherelatIOTltqhlP-liffer;LmOngthe
rulecombinilliL)nS,Withthegreatestincreaseswhenthereal･ethefewestrestrictionsonepICOrmlCinitiation.
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Fig.8.ToLalroliiILedshootsalyear90inA grundi.～Witl11llCreaSingbifurcationsunderrulecombinati()nI.(a)BlfulCat10nSOffirst-
andsecond-ordershoots.(b)Third10rderbifurcation.Increasesillallthreeparametersl･eSultinnoLlHJICarincreasesil一totalshoots,With
thegreatestincreaseshownforthird-orderaveragebifurcとItion.
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Fig･10･PlotsoftermlnalageandrnaxH-lumnumberoffoliと-tedshootsof･qimu】atedPseud()(sugamenzL'esitbrとInChes･Thetemlinalage
ofthebranchincreaseswithboth(a)highergenredand(b)higherrand,..i,...(ぐ)ThemaximumnumberoffoHatedshootsonilbranch
increase.swithLnCreaSinggen,etlandwithIncreasing(A)rand.naiれ.EplCOmlicgrowthstronglyinflt･encesbranchlongevity王Indhasin-
Ll'CilSJllglyculllulativeeffectsonthepopulationoffoliLLtedshoots･
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ir)creasingrandm.lin(theageatwhich亡hemainaxisofasim-
ulatedbranchbecamesubjecttOtherandom Poissonpro-
ceLqS,Fig.10).

AnalysL'sofpotentialbranchlungeyt'EyIAbjesgL.al1dis
TherearesomefluctuationSinthetrendofsimulatedtotal

shootsovel.timeinA.gl-andisthatarenotascommonoras

pronouncedasthecyclesobservedinPmfnzL-esii(Fig･9)A
ThisislikelyduetothelackofproleptlCreiterationin
A.grandis,whlChexperiencesmoreregular,consistent
growlh･TheflucLuationsobservedinP.menziesiiaredueto
flushesofreiterationovertime.TheTnealltermillalagefor
50simulatedbranchesofA.grandisis131.36,muchless
thanobservedforsimulatedP.men=iesiE'branches.

SCUdeL'elopmenEinPseudot凱lgamenZiesii
ThcshapeoftheplotofthetotalnumberofSCUsover
limeforaslnglesimulatedbranchofPmenzL-eluliisslmilar
tothatobservedfortotalfoliatedshootsovertime(Fig.1I),
wlfhapeakof90SCUsaroundyear135.Inbranchesaged
between126and162years,IshiiandFord(2001)obsel.Ved
between86andI15totalSCUs;thesimulatednurnbcrfa)1s
inthisrange.BothsimulatedsequentialshootsperSCUand
neweplCOrmicshootsformlngOntheSCUshowinitialfluc-
tuatlng patterns OVer time,then steady relalionship･q
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(Fig.11).Thisindicatesthatinthesimu]ilt'LOl1StllCaverage
dynamicsofSCUgrowthovel●tillleareStablethroughout
mostofthelife-spanofthebranch;itischangeslnlhcpopu-
lationofSCUsthatmostlikel),accountforval'iablegrowth
intotalshootsonthebranchovertirnc･Dem0gJ'aPhlCPIoh
oftotalepICOrmicandregu】arshootsforaglVCnShootage
generatedevery5yearsforasinglesimulatedSCU(Fig･L2)
foHowthedistributionsdescribedbylshiillndFold(2()Ol,
theirFig.5)intheclassificaliollOfthestagesofSCUdevcト
opment.ThesimulatedSCU exploredwasdeclarcdinde-
pendentjnyear35(atage10)andsurvivedthroughyear60,
glVlngltaLife-spanof35years･

Thepotentiallire-spanoftheSCUcanbeassessedinthe
contextofthePoissondistributionforthenumberofdaugh-
tershootsperactivenode.Thedecreaseinexpectedvalue
forthemodifiedPoissondistributionusedinthesimulations

doesnotaffecttheprobilbilityofaparticularnodedrawlnga
z,ero(i.e.,thestochasticdeathoftheterminalbud).Ifone
callassumethatthenumberofdaughtershootsproducedby
themainaxisisilldependentforeachconsecutiveyear,then
theageaLWhichthemainaxisofanSCUisexpcctcdto
drawitsflrStZeroCanbemodeledbyageometricdistribu-
tion(i.e.,thenumberof"trials"totherlrSlevent).1fwe
dermetherandom variableXasthenumbeT'ofyeaI.SunlH
thernajnaxisdrawsazeroandassumetheprobilbi】ilyof
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drawlnga7JerOisdeterminedbythePoissondilqtribution,
thentheprobabilitythatthemalnaxisjslostorlyearXand
itsexpectedvalueareasfoJlows(CaseHaandBerger1990):

p(k=0)=型竺 =e-RbO!
r51 P(X-x)-p(71))Xll; x=1,2,…; p=e-Rb

l
F(X)=-=e~Rb
P

Forexample,lforderIaveragebifurcationis2.5,thenit
wouldbeexpectedthatthedevelopingOrder1axiswould
random一ydrawazeroatyear12.18.Foranorderlaverage
bifurcationof3.0theexpectedyearwouldbe20.09.Once
themairlaxisislosHheSCUstructurequicklydetel̀iorates,
withregenerationfrom epICOrmicsresuLtlngtnnew SCUs
(Fig.12),TheoldestSCUIshiiandFord(2001)observed
was24,whiletheaverageagesofobservedSCUswas日.27,
12.43,and1I,17fortheupper,middle,andlowercrowns,If
.lnSOUisexpectedtoloseitsmainaxisatyear12.18,LheJl
itwouldstillhavefoliage-beallngShootsupto22years
(witll10-11yearsbeingthemaximumfoliagelongevity)･It
seemsthaHhisprobabilitystructureadequatelymatchesthe
observationsofSCUlongevlty.

Discussion

Questioll7:Howdoesepicormicsproutingresultin
SCUs?

Cline(J997)describesfourstagesofapicaldominance=
lateralbudformation,impositionOfinhibitionoflatera)bud
growth,releaseofapICaldominance,andbranchshootde-
velopment.Thesestagesreflectwhatoccursintheinitiation
ofeplCOrmicshootsasdescribedpreviously.]nadditionto
hormonalcor)trol(e.g.,Cline1991,1994;BoHmarketal.
1995;HaoIJieetaL･1996,Cline1997;Miguelctal.1998:
DeWiteta1.2002),bothnutrientsandlighthavebeenimpli-
catedinthereleaseofapicaldominarLCe(Martin1987･,Cline
1991)･Ttispossiblethatboththe一ossorthesuhlended
lateralapex(seerl】les2and3forepicormicinitiation)and
thecorrespondingfavorab一elightandnutrientCOnditionsfor
growthalongthemainaxisarenecessaryforthereleaseof
suppressedepICOrmicbuds.Thiswouldenablethebranchto
continuecxploitlngareasCOnducivetogrowthalongItsaxis
wherethelimitsoffoliagemortalityhaveleftanon-
pho【osynthetictwigbarePseudolsugnmenzL'e▲～iihasalower
branchdcnsltythanA.grandL'S(numberofbranchesper
metreofstem:dataforPmenzie.i.iicanbefoundinIshiiand

Wilsoll(2001);forA.grandlS,H.IshiiandD.C.Shaw,un-
publisheddata),andithasbeenobservedthatA.grandishas
ahigheraveragebifurcationthandoesPmenztle.mjonlateral
axes(rshiietal.2003).Wesuggestthatthemorediffuse
crownofP menzt'P.Titprovidesgreaterlighttra71LSmission
throughtotheJowercrownandtheinnercoreolthecrowLl
thanA.gl.andis,whichprovidesthemicl･OenVironmentnec-
essaryforreiterationtooccur.Whenthesuppressedbudis
re】eascd,itgrowsasifsllrrOundingtissuedoesnotinnuence
it,thatis,itactsasanindependentmain-branchaxュs.
TherulesforSCUirldependencelJSedinthemodelreflect
lwolayersofwhatismeantbyanindependentclusterof
foLiage･ThroughouHhisanalysisindependenceisdefinedbv

Can.J.Bo†.Vo1.82,2004

aplcaldominance.tna一imitedsenseilndunderccl'liIin
circumstances,branchescanbeassulnedtoFunctionLluLollO-

mouslywlthregardtocarbon(Sprugeleta1.199LSpruge1
2002),butwemakenosuchassumptionsaboutSCUs.

Inthefirstruleofindependencethatwasexplored,SCUs
areidentifiedthroughmorphologlCaldisLmctuess.thiLtiLq,
anyaxisthatisnolongerconlleCtedtothemainaxisviとLlivc
roliagecanbeconsideredanSCU.AnimplicitLISSumPtlOn
ofthisruleisthatmorphologlCaldistinctnessissufrICientto
causere】easeofthelateralaxisfromdominilnCCOfit.iasso-

ciatedmainaxis(sequentialreiteration),allowingfo1-gl◆eater
bifurcationofthelateralaxis(ruLelforSCUi-1dcpendcnce)･
lfsuchmorphologlCaIlydistinctlateralaxesthroughouHhe
brancharethengivenorderI(i.C..reiteratedtobeLikethe
mainaxis),simulatedgrowthexplodestoimpossib一yhigh
numbersoffoliatedshoot.q｣nA.grandt-S,higher之IVe1-Llgelal-
era】blfurcationresultsinlateraLEIXeSthatvisuallyresemble
SCUs,bttttheseshou7dnotbeconsideredJ･eitel･ationsofthe
nlainaxis.Inthedefinitionofthefir山ruleltHSCUInde-

pendencethemorphologlCalcharacteristicsprecedetheこISSO-
ciatedpllyS1010glCalfunctionofthegrowingaXIS,

InthesecondruleforSCUindependencethephysioLog卜
catfuIICtioLlprecedesthearchitecturalchat.aCtCristics;itis
on一yoneplCOrmicsthathavebeenobservedtofunctionas
firsLordershootsthatSCUsareaHowcdlodcveloLl(i･e･,the
main-axisfunctionprecedestheclassificationintoSCU詫).Tn
F'menziesil,SCUsthatdevelopedFro)TlePIC()nllic 叩】OutLng
resultedinsimulatedbranchesthatwerercasonablercLaLivc

Lotheobservedbl'anches(I7ig.4f;Table4).Thekeytothis
distinctionbctwcenA.grandisandfhnenZt'C,YL't'i.qthel'eCOg-
nitionofthedeyelopmentalorlglnOftheshootgrouplng･lt
isalsopossibleforasequentiallateralilXistofunctionasil
first-orderaxis,SuchasafteratraumatotheJTlaintcllninal

bud;inthiscasethesequentialaxismayproduceとmSCU.
TheissueishowtodetermilleWlletherthenewaxisisphysi-
ologlCallyilldependentfromthefirst-ordermainilXis･
ThetrendsoftotalfoliaLedLlhootsalldSCUswithincl･CaS-

1IlgaveragebifurcationseellinthescnsitivltyanatySIS°iln
beexplainedbytherelationshipbetweentherulesforepLI
cormicinitiationandSCU independence.Underitlll'ulcs,
thereisaminimum numbel･OfshootsthataneplCOmlic
complexrm]sthaverohecalledanewSCU(10shoots),and
epICOrmicscanonlyform onorder)axes.TheLefoL.C,In-
creasesinorder1bifurcationfacilitatetheprocessorSCU
forュ-1ationbyincreaslngthenumberoforder1nodesavaiレ
ableforcpicorTnicinitiation(Figs.6a,7a).Highe).ol■der7
and2bifurcationsalsolnCreaSethelikelihoodth'lt;Inewly
formingSCUproducessl】ffic1-cntshootstoreachlhcmini-
mumnumbernecessaryforSCUindependellCe(Figs.6,7)I
However,ifepICOrmiciniLialioEHequlreSOrlCOl･bothofthe
subterldedLateraJaxestobeterminated(RC5,RC6),thcll

higherorder2bifurcationwoulddecreasetheprobitbHity
thatanepICOrmiCinitiates.Duetothesecompellngtlorces
underRC5thereisaslightlynegativerelationshlllhetwccn
order2bifurcationandThetolaJnumberOrSCUsonthe

branch(Fig.7b).Thisisfurtheramplifiedifboth.iubLelldeLI
shootsmustnolongerbegrowLng,aSillRC6.

Withrespecttoquestion 1,weconcludethatep7COrmic
sproutlngresultsinSCUsthrough ilCOlllbinationotlphysLO-
1oglCalcontlOIsandplantarchitecture.Epicormicsprou【Lng
allowsthebasicarchltCCturalmodelofPmcn<:l(,.u'I'lobeI-C-

¢)2り()4NRCCiHl.I(lil
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iterlLtCdrclaLivelyindependentlyalongthehorlZOntaLmain-
bl一之InChaxis,evenとLrLcrthebranchhasreacheditsmaximum

length(i･C･,cT-Ownexpansionhasceased).
ThcrelterationofSCUsderlnedforP.menziesiioccurson

LISmallerscalethanthereiterationdescL.ibedbyHaHeetal.
(1978)intl･OPic乙Illreeト.Ha116etaL(1978)obsel.Vedvertical
rcitcrationsofthea】･chitecturこtlmodeloftheentiretree,re-
sultingTn"m川1tl'eeS''throughouHheCrown.AlthoughHa116
ctal.(1978)descrlbei1LimltednumberofbasICal･Chitectura]
J一一Odelsint1-Opic･11trees,theyalsonotegreatdivcrsltyamong
trccsthatshareanal･chitectul̀と111110del.OftenthisdiversltylS
duetothewilylnWhichthemodelisreiteratedduringcrowll
development.]n 7二/)/('cata,EdeZsteinand Ford (2002)
oh.sel.VCdsmaHerscと11everticalreiterationsalonghorizonta1-
bmnchingaxes.JnthecaseofP.menzip.u-日heobservedrei1-
cmLiunoccurshorizonLとllly;110ngthebranchingaxisand
rcpe之ItStheA)-owthofbranches,noHhcverticalgrowthofthe
milinste]Tl･ThroughL-eiterationatreeexhibitsopportullistic
ilrChitecturethiltallowsfordiversltylnthewaythecrown
exploitsとIV乙lililb】eretqotLl･CeS.

Queslion2:Whataretheadvantagesofreiteration?

lLisclcと11'thillreiterationCOntl.ibutesslgnificant】ytothe
growthorp.mc17Z:L'eLliTIJeSuJtmglnUbLYerVedbranchesupto
155yeiu-.iOld(1shliandFord20O))andsimuLatedbranches
thitLcontilinedfoliとItedshootsForupto393years(Figs.90,
i)り.lnconlL'aSt,theoldestobservedbranchofA.grandis
wasonly(13yeil】●Sold,Endsimulatedbrancheslivedupto
22(,yeill●S.Withnocontributionorreiterationtogrowth(Ta-
ble4,Figs.9b､9(().Sensitivityanalysisshowsthatsmall
incl.eiISeSinaveragebifurcationofhigherordel-Shootsprop-
agatethroughoutthebranchandresultindrasticincreasesin

totalroliatedshootLq(Figs･4cand8b)thatareden.selylo-
catc〔ldlSlilHyontheb)一･dnCh.Furthermore,asmallIncrease
intheabilityofthebranchtorelTer;lte(eitherproleptically
oronsequentialaxes)alsohasaprofoundeffectonthetotal
numberoflloliatedshootsoElthebranch(Figs.4,loo.lob).
EvenaI-eLNrictedcとtpaCityforreiterationhasastrongcumu-
)aliveerrcclontheabilityofthebranchtosurvivethrough
rcgeneTiltionofitsfoliage(Fig.4).

lthasbccnc)bsel●vedthatgrowthdeclineswithincreaslng
ヱIgCandcomplexity(MoorbyandWareing1963;Fishel.and
Honda1977こZlrTlmermとInl978;Clark1983:Borchertand
Hondi11984,Bond2OOO).withmanyexplan,dtlOnSforhow
greatercol-1l)】cxitycとlllbcdelrimentaL.Wilson(2000)C一aims
とIPICalcontrolrcgulatestheamountore一ongationanddiame-
teI'grOWthintrccsLlndbranches,possiblythroughareduc-
tioninthetr.ln叩OrtOrW之IterLlndnutrientstolateralshoots.
ZlmmeT1111Ln(1り78)foL)ndとIdistlnethydrau一icconstrictionat
brilnChingjunctions,whi)cBol.ChertandHondaH984)ob-
se.･vedlhztLJluX(IIOtdefinedbyauthors)decreasedwith
incrcilS]ngOrdel.,and1.eductionsil一bifuJ'Cationofhigher
brLInChingol◆dcl-･qWasduetothccxporLentlaldecreaseinthe
rluxoHとItel.illbranches.HubbとIrdetal.(1999)pl̀OpOSe
increilSJngntlrnbcrsofbranchjunctionsalongconductance
pilthwとIyS とlH()neOrlhcpossiblcとlltel'nativeexplanationsfor
difrerenccsinhydrilulicconductanceとIndleafgasexchange

betwe.enlallと-ndshorHrees･Niinemets(2002)concluded
thatsl/.ehilSとlgrCalereffectondecreaslngStOmalalconduc-
ttlnCCthiLnOn乙Igei一lf!(tbL'esandPinuss)･lvesfris.Toeffec-
tively .iilllulaLebrullChesoflp menziesii,wefound it
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necessarytoincludeaparameterthatrestrictedcomp]ex】ty
causedhyreitel̀ation(genT｡J)andtc･reducebifurcationwith
increasinggenerationtFig.4,eq,4).rhlSaLsoeff'ectivelyre-
ducedtheinf]uenccofthestrongstochasticeffectsobserved
inthemodel,althoughthesimulationsstillexhibitedexten-
sivestochasticlty.Thelimitation,llOWeVer,WasimposedLo
obsel●vedesiredrangesofmodeloutp一ltSanddonotyethaye
abasisinfieldobservations.

Toanswerquestion2,weconcludethatreiterationofthe
SCUinP meJZZleLutProfoundlylnCf･e･lSe=helife-spanof
blanClleSl'elativetoA.grundis.andreiterationisshownto
haveaslgnificantcunlulativeef-fectullgrowth.Theutiliza-
tionofexistlngmeristemstoregeneratefoLiこIgeOnestab-
lishedbranchaxesandintheabsenceofadditionalbranch

lengthisapowellu)methodofcrownmaintenancein
PmenziL,sL'l.

ltispossiblethatalimitedformoftraumatlCSeqllentj<ll
reiterationshouldbesimulatedonthesebranchesasarea-

sonablea)ternativetoforclngtllemaillaxislopersistfol'the
first50yearsofbranchgrowth.Withthelossofthetemlinal
bud,SequentiallateraLshootswouldbereleasedfromapICal
dominanceandassumetheroleofthemainaxiswithinthe

usualtimLngOfgrowth,ashasbeenobservedinthevertical
growthofbranchesinvariousspecies(a.g.,Harding19R6)i
Traumaticreiteratio(1Wouldbeexpectedtoincreasethelife-
spanofbothspccies,althoughlimitationsoncomplexity
mayneedtobeimposedinthiscaseaswclLInaddition,
SomebasalreiterationhasalsobeenobservedinF!menziesii

(Ishiietal.2002),whel'eStlppreSSedbudsinitiateonoldel■
branchaxes(upto60yearsold,about23yearsonavel､age).
TheincorporationofepICOrmicsproutlngOnOldersup-
pressedbudsmayallowfoュ.1'eitelatiolltOoccurWithoutre-
striction,wherelowergenerationsofSCUsarecolltinually
formingatallstagesofbranchdevelopment.Inthiscase
reiteratlOnprOVldesapotentiallylimitlesssoul-CeOfnewfb-
)iatedtissue(Lanner2002)onthebrElnCh.

TlleStlldyortheSCU
ToaidfurtherirlVeStlgationweproposetheclassific･ltion
ofSCUsintoLhei1-developmentalorigins:proleptic(viaepi-

cot･micsprouting)orsequential(onlateJ･alsequelltiuItlXeS.in
responsetothelossoftheapicalmeristem).Thepl℃pertleS
oftheseol･ganizationalunitscanbecomparedtodetemine
whethertheSCUistrulyafundamentalunittht･Oughoutthe
branchingstructureofllmt･nzt'e･"liorwhetheritsdefinition
isrestrictedtogrowthviaepICOrmicsproutlng.Inaddjtjon,
tllelocalenvirollmentalcunditionsofthebranchintheprox-
imltyOfnewlydeve】opedSCUscanbeinyestlgatedalld
comparedwithareaswithoutSCUstodelineatethecauseof
epICOrmicsproutlngandSCU development･FinaJ]y,the
growthofnew一ysproutedepicormicsclassifiedbygenera-
tioncanbeqLLantifiedtodeterminewhethergrowthdecllnes
withincl.eaSlnggenerationorifgenerationinfluencesthe
successofeplCOrmicsprout111gOnaPmenriesl't-brLlnCh.
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