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Theroleofepicormicshootproductionin
maintainingfoliageinoldPseudotsugamenEiesii
(Douglas-fir)treesJl.Basalreiterationfromolder
branchaxes

HiroakHshii,E.DavidFord,andC.ElaineDinnie

Abstract:Basalreiteration(epicormicshootproductionfromolderbranchaxes)occurredcontinuouslyandrepeatedly
inbranchesof450lyear-Oldpseudotsugamenziesii(Mirb･)Francovar･menziest'i(coastalDouglas-fir)treesreproducing
sectionsofbranchescompnslnglessthan100toasmanyas10000foliatedshoots.Basalreiterationoccurredmostly
fromprlmaryandsecondarybranchaxesbutalsooccurredfromhigher-orderaxesiflower-orderaxeshaddiedback.
BasalreiterationoccurredindistalsectionsofuppeトCrOWnbranches,whileitoccurredinmoreproximalsectionsof
middle-alldloweトCrOWnbranches,indicatlngthatbasalreiterationworkstodistributefoliagemoreunifomlywithin
branchesthathavereachedmaximumsize.Basalreiterationoccurredrepeatedlyproducingtwotosixgenerationsof
reiteratedaxeswithinbranches.Lessthan22.5%offoliatedshootsonbrancheswereproducedbysequentialbranching
oftheprlmaryaXis･Basalreiterationalsomaintainedaconstantrateofnewshootproductionwithinthebranch･
Growth-ringanalysisshowedthatbasalreiterationoccurredoverawiderangeofaxisages(5-58years).Inconjunction
withpreviousstudies,WeshowedthatadaptlVereiterationofvariousarchitecturalunitsbyepICOrmicshootproductioll
isaninherentprocessthatmaintainsfoliageinthecrownofoldPmenziesiitrees･

Keyworlds:branchgrowth,branchingpattem,crownmaintenance,longevlty.

R6sum6:Lariitirationbasale(production6picormiquedetilessurlesvieuxaxesdebranches)estsurvenueconti-
nuellementetrepetitivementsurlesbranchesdePseudotsugamenziesii(Mirb.)Francovar.Menziesii(Douglastaxifoli6
delacらte)agesde450ans,produisantdessectionsdebranchescomprenantmoinsde100jusqu'a10000tiges
foliees･Lareiterationbasaleseproduitsurtoutapartird'axesramgauxpnmairesetsecondaires,maissurvientggale-
mentsurdesaxesd'ordresuperleur,Silesaxesd'ordresinfirieursontdeperi･Lareiterationbasaleseproduitdamsles
sectionsdistalesdesbranchesdelacouronnesuperleure,alorsqu'onlaretrouvedamslessectionsplusproximalesdes
branchesdelacouronnemidianeetinferieure,cequiindiquequelafonctiondelareiterationbasaleestdedistribuer
lefeuillageplusuniformgmentsurlesbranchesqulOntlesplusfortesdimensions.Lareiterationbasalesurvientrepgti-
tivement,produisantdedeuxasixg6nirationsd'axesriitgresparbranche.Moinsde22.5%destlgeSfoliiesformEes
surlesbranchesontiteproduitesparramificationsequentielledel'axeprlmaire･LareiterationbasalemaintientigLlle-
mentuntau又constantdeproductiondenouvellestlgeSSurlabranche.L'analysedesanneauxdecroissancemontre

quelareiterationbasaleseproduitsurunelargegammed'ages(5-58ans).Enconcordanceavecdesgtudesanterieu-
res,lesdonneesmontrentquelareiterationadaptativedediffirentesunitesarchitecturalesparproductiondetiges
epICOrmlqueSeStunprOCeSSuSinherent,qulmaintientlefeuillagedanslacouronnedesDouglastaxifoliesages･

Motsclefs:croissancedesbranches,patronderamification,maintientdelacouronne,longevitg.

[TraduitparlaRedaction]

lntroduCtion

Reiterationistheprocesswherebyarchitecturalunitsare
duplicatedwithinthetreefrom suppressedbuds(proleptic
reiteration)orfrom growing axes(syllepticreiteration)
(Hal16etal.1978;BeginandFilion1999).Reiterationoften

occursbyeplCOrmicshootproduction,wherenewunitsare

producedwheneplCOrmicbudsarereleasedfrom suppreS~
sion.RemphreyandDavidson(1992)foundthatreiteration
byepICOrmicshootproductioninFraxinuspeTmSylvl"tica

var･subinteger.rima(Vahl)Fern.treesTlaintainedphot9-
syntheticcapacltyOfthecrownbyincreaslngfoliagearealn
older,innerregionsofthecrown･BeginandFilion(1999)

ObservedthatepICOrmicshootsreiteratebasicarchitectural
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unitsinbranchesofyo.ungPiceamariana(Mi11･)BSPtrees
andproposedthateplCOrmicshootproductionrepresents
"adaptlVereiterationMthatoccursinresponsetophysiologl-
Calneedsaspartofthenomaldevelopmentofthetree,
incontrastwith"traumaticreiteration",whichoccursin
responsetoexogenousstimuli,suchasdamageordefolia-
tion.

IshiiandFord(2001)showedthatepicomicshootpro-
ductionoccurscontinuouslyinbranchesof450-year-old
Pseudotsugamenziesii(Mirb.)Francovar.menziesii(coastal

Douglas-fir)treesandsTggestedthatthisprocesscontributes
tomaintainlngfoliagelnthecrownofoldtreesthathave
reachedmaximum crownsize.Inoldtrees,thebalance
betweenproductiveandnonproductiveorgansbecomes
increaslnglyImportantformaintainlngOVerallproductivity

ofthecrown(RemphreyandDavidson1992)･EpicorTlic
shootproductionreiteratesproductiveorgansfromexistlng
branchingstructureandisanefficientmechanismformain-

taining.cro㌍nproductivity.IshiiandFord(2001)Observed
thatrelteratlOnbyeplCOmicshootproductionoccursat
thl'eedifferentspatialscalesinoldP menziesiitrees.
Epicormicshootproductionfromoldersectionsofthemain
stem reiterates new branches (epicormic branching).
Epicormicshootproductionalsooccursonolderbranchaxes
reiteratinglargesectionsofthebranch(ゎasalreiteration).
Epicomicshootproductionfrom foliatedaxesreiterates
architecturalunitscomprising20-300foliatedshoots(reiter-
ationofshootclusterunits)ITheseprocessesworktogether
tomaintaintheestablishedcrownofoldPmenziesiitrees
afterthetreehasreachedmaximumcrownsize.

ThispaperisadetaileddescriptlOnOfthespatialandtem-
poralpatternofbasalreiterationfromolderbranchaxesby
epICOrmicshootproductionandcomplementsearlierpapers
describingreiterationatlargerandsmallerspatialscales:
epicormicbranchingfromthemainstem(IshiiandWilson
2001)andreiterationofshootclusterunits(IshiiandFord
2001)･Together,thesestudiesadvanceourunderstandingof
theprocessesofreiterationofvariousarchitecturalunitsby
epICOrmicshootproductioninoldPmenziesiitreesandhow
thisprocessmaycontributetomaintain】ngproductivityof
thecrown

Studysiteandmothods

ThreeP･menziesiitreeswereselectedforstudyfroma
450-year-oldP.menziesii-TsugaheteJて'Phylla(Raf.)Sarg.
forestattheWindRiverCanopyCraneResearchFacility
locatedintheThorntonT･MungerResearchNaturalArea,
Gi恥rdPinchotNationalForestinsouthwesternWashington
State,U.S,A(45049′N,121057′W;altitude355m).Thestand
basalareaisdominated by P menziesiiand Tsuga

A;e:i,ueiFiosp?hlaiilzatiT;Dtu:S:rnb,Peer:e,1511･17anDt;Eu?t芦lEtseesl:a,ihnaekblli芸sa(n;,071iig;11･:nS:
FranklinandDeBell(1988)foradetaileddescriptionofthe
researcharea.

Thep.menziesit.treesinthestandareacohortthatestab-

lishedafterastand-replacingfireinthearea(Franklinand
DeBell1988)andrange3l-65minheight,41-180cmin

恕 ?1reiagth?r(eIasShtiiheetigayT.b.h読,.aI:hdii39eE3.I(52.y岩a.3sineaasguereadt
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heighトgrowthratesand estimatedmaximum attainable
heightsofcanopytreespeciesinthisstandandsuggested
thattheP.menziesiitreeshavereachedtheirmaximum

heightandcrownprojectionarea･
DestructivesamplingisrestrictedwithintheResearch
NaturalArea.Permission wasgrantedtodestructively
samplenomorethanthreebranchesfrom eachofthree
Pmenziesz.itrees.Thetreeswerechosentorepresenttall,
mediumandshorttreesbasedonthetree-heightdistribution
ofPmenziesiiinthestand(hereafterTree1,Tree2,and
Tree3).Heightanddbhofthethreesampletreeswere
61.6mand135.3cm,respectively,forTreeI,58･7mand
153.5cmforTree2,and50.8mand93.9cmforTree3.
ThethreesampletreeswereclimbedinAugustof1998
usingthesingle-ropetechnique(MoffettandLowman1995)
formeasurementofcrowncharacteristics.Allprlmary
brancheswerenumbered,andbranchheightaboveground,
branchdiameter,andbranchlengthweremeasured(Ishiiand
Wilson2001).Thelivecrownofeachtree,fromthetopof
thetreetothelowestfbliatedbranch,wasdividedintothree
crownlevelsofequaldepth:upper,middle,andlower
crown.Basedonthediameterandlengthdistributionsof
brancheswithineachcrownlevel,amedian-sizedbranch
wassamplednear themidheightofeachcrownlevel
(Table1).Samplebrancheswerecutatthebase,carefully
loweredtothegroundusingropes,andtransportedtoa
nearbybuildingforadditionalmeasurements.
Crosssectionswerecutfromthebranchbasetoestimate

branchagebycountingthenumberofgrowthrings.The
branchwaslaidflat,andaschematicmapofthebranchwas

madenotingalljunctionsandlengthsofaxラs(Fig･1｡)･
BranchaxeswereorderedcentrifugallystartlngWith the
prlmaryaxisofthebranchattachedtothemainstem as
order1increaslnguptOthefoliatedaxes.Branchaxes

formedbyepicormicshootproduction(reiterateda!es)Can
bedistinguishedbytheirverticalangleofinsertlOnand
muchsmallerdiameterrelativetotheparentaxis(Figs.2
and3).Thisisincontrastwithaxesformedbysequential

branching(sequentialaxes),whichformamoreplan禦junc-
tionwiththeparentaxis.BasedonthesemorphologlCaldif-
ferences,eachaxiswasdistinguishedinto"reiteratedaxes"
formedbyeplCOrmicshootproductionandHsequentialaxesM
formedbysequentialbranching.Toinvestlgatethespatial
distributionofbasalreiterationbyeplCOrmicshootproduc-
tion,radialdistancefromthemainstemtothebaseofeach
reiteratedaxis(刀)wasmeasured.Thisdistancewasdivided
bythebranchlength(BL)toobtainrelativedistancefrom
themainstem:

tl]Relativedistancefrommainstem≡刀/BL

FoliatedsectionsofthebranchweredividedintoHshoot

clusterunitsH(SCU)asdefinedbylshiiandFord(2001).
TheSCU isanarchitecturalunitofshootorganization
withinbranchesofoldPmenziesiitreescharacterizedbya
foliatedmainaxisandseverallateralaxes(Fig.lb;Fig.3,
R3).AnSCUmaycomprise20-300foliatedshoots.ARer
mapplngthebranchandnotingthepositionofeachSCU,
thefoliatedsectionofeachSCUwasdissectedintoannual

incrementsatthebudscalescars(herea氏erfoliatedshoots)
andseparatedintoage-classes･ThepositionofeachSCU
andthetotalnumberoffbliatedshootsineachSCUwere

◎2002NRCCanada
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Table1.Structuralattributesofbranchessampledfromthree450lyear-OldPseudotsugamenziesiitrees.

Can.J.Bot.Vol.80,2002

Branchheight Height Diameter Length Aspect Ageestimate No.of No.offoliated Maximum No.ofreiterated
andsampletree (m) (cm) (m) (years) SCUs* shoots branchingorder axes

Uppercrown
Tree1

Tree2

Tree3

Mean
Middlecrown

Tree1

Tree2
Tree3

Mean
Lowercrown

56.8 7.6 3.3
50.8 8.6 4.3

45.9 6.0 3.I
7.4 3.6

35.4 20.0 8.1

35.2 11,5 6.1

36.9 10.1 4.9
13.9 6.4

Tree1 27.1
Tree2 21.2

Tree3 26.8
Mean

S 85
N 79

SW 105
89.7

NE 162

SW 155
NW 126

NW

sE
E

3
pU
4

8

つJ
つん
つん
2

4

3

00
2

(=5
5
7

7

37 2639

43 5262

19 2092

33 3331

116 12170

157 17324

87 10451
147.7 120 13315

5 28
4 32

5† 19

26.3

7手 114

6I 135
6 77

108.7

138 28 3690 5† 20
70 54 4930 5 48

75 28 3442 5‡ 27
94.3 37 4021 31.7

*Shootclusterunits(SCUs)arearchitecturalunitsofshootorganizationwlthlnbranchescomprising201300foliatedshoots.
†Branchprimaryaxis(order1)wasbrokenordledback.
IBranchprimaryandsecondaryaxes(orders1and2)werebrokenordiedback.

Fig.1･(a)Schematicbranchmapofthelower-crownbranchofa450-year101dPseudotsugamenziesiitree(Tree3)sampledforanal)′-
sis.BranchaxeswereorderedcentrifugallystartlngWiththeprlmaryaxisofthebranchattachedtothemainstemasorder1increaLq-
inguptothefoliatedaxes.Reiteratedaxesareindicatedbyarrows.Branchlength(BL)isthedistancefromthemainstemtothenlOSt
distalpolntOnthebranch;Distheradialdistancefromthemainstemtothebaseofeachreiteratedaxis･Numberedunitsrepresent
shootclusterunits(SCUs),architecturalunitsofshootorganizationconsistingofafohatedmainaxisandseverallateralaxes.
(b)MagnifiedschematicdiagramofoneSCU,Linesperpendiculartoaxesindicatenodesbetweenannualincrements(budscale

scans)･Thinaxesandlighterfoliageindicatecu汀ent-yearShoots･Arrowsindicateepicormicshootsproducedfromfoliatedshoots(see
lshiiandFord2001).

㊨2002NT,･:Cat-il°.I
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Fig･2･SLde､りCWOrbas°)reiLera【10nS(aLl'OWS)thatoccullednearthebranchbaselna450-year-oldP.†eudoT.mga/Henzte∫E=ree･RelLer-
LttedaxescanbedlStlngLl)ShedmorphologlCal)ybylhe11'VeI一日CalangleoflnSerLlOnandmuchsnlallerdlamelel.relaljvetotheparent
LIXJSTnth-sbranch,thep=maryaxISOfthebranch(Al)haspL-Oducedonereltera【edaxis(Rl)nearthemalnstem(MS)･FurtherI-eIト
･ごratlOnShaveoccL1日■edontheRlaxISPrOdLlClnghlgher-ordel.reiteratedaxes(R2)･Fig･3･Viewfrombelowofmultiplebasalreltera-
l10IIS(al-I-OWS)Tlo['nledasal'eSultofrepeatedepJCOI一m】CShoo(prodLICllOnlna450-year-o)dPseudoT∫uSame17ヱLeSTLtreeTheol一一gJnal
i,llmalyaXISOrthebranch(Al)growsoutofthemalnSlenl(MS),Theax-sformedbythefirstrelteratlOn(Rl)lSbrokenTheaxIS
Io)nedbytheSecondrelLeral10n(R2)onRlhasBlownloCOmPrLSealargesectlOnOfthebranch,whIJetheaxisformedbytheLhlrd
Leltera110n(R3)0-lR21SOnJy6-7yeとIrSOld.

t卜L,dtodeterminethenumbeLlofSCUsandfoliatedshoots

LrlltLIChedtoaxesofdifferentbranchingorders.
ThiI･teen axisJunctions where basalreiteration llad
目しILHTedweÌeren10Vedfrom thebranchesforgrowth-ring
肌LlysIStOeStLmatetheFrequencyofbasalL･eiterat】onby
LIpIL:01●micshootproduction,CrosssectioIISWereCutfll0m
the〔llSLal,reiteratedaxisandthepl･OXlmal,parentaxisof
eこILlhJunction.ThesuIイaceofthecrosssectiollSWasSanded

toTし.cilitatecountlngofgrowthringsuslngarnjcroscope･
｢1-C.:lirrerenceinthenLln1berofgrowthrlngSbetweenthe
r)LIle】;IandreiteratedrlXiswasusedasanestimateofthe

useL,rtheparentaxlSWhenepICOrnllCShootp1-Oduct10n
l】CLluけed

Sl州Slicalanalyseゝ onthedatawerepel･Formedusjllg
lhle" regrehsionandanalysisorvariと1-lee(ANOVA)on
S＼→lLIL5･2･lsortwaI･e(Sy仙tlne.,EvaJIS【on,Tl]･)

Res糊 s

L-)lL1-C一･()＼vnbl･anCheSwereallol･iginaJbranches(not
叫 し(-川,ICbl･乙111Ch叫 r)･()mthenlalnStem.rtlngedinagel･1･Om
7｡Lo=!5year･l･andCOTIV)risedL9-43SCUsand2092-5262
I()llLIle(t､110mS(TilbJeI).MiddJe-crownbl･anCheswet-eall

orlglnalbranches,rangedinagefl̀Om 126to162yeal●S,alld
comprised 87-157SCUsand 10451- 17324roliated
shoots.LoweトCrOWnbrallCheswerealleplCOl●111icbranches
Fromthemainstem,l~angedinagefrom70to138years,alld
comprised28-54SCUsand3442-4930foJlatedshoots･
MaxLimum branchingorderofthesamplebrancheswere4
and5forupper-a-1dloweトCrOWnbl-anChesand6atld7rol.
middle-crown brallChes.Fol.five ofthe nlne Sample
branches,theprimaryaxLS(Ot.der1)ofthebl-anChh'ldbro-
kenol-diedback,alldallfolia【edshootso)'lglnatedfromsec-
011daI-y(Order2)ol.higheraxes(Table1,daggersymbol).
FortwooftheseflVebranches,secondaryaxeshadalsobro-
kenordiedback(Table1,doubledaggersymbol).Pot.ex-
ample,Forthelower-crownbL-anChofTrcc3(Fig.la),both
theprlnl乙IryaxisalldsecondaryI-elteratedaxlshaddied
back,andallfoliatedshootsollglnatedf-ron fJVeOl-del'3
axes.Ofthese.FourWet･Creite1-aモedaxesalldonewasase-

qucl一一jalaxis･Diebackoflower-or(1erbranchaxesco)llrib-
utedto=1CleaSlngthemaxlmum brallChingorder川 these
bl･anChes.

ReiteraledaxesweleLlblqLHlouSin'lHsanlPlebJ'anClleS.
Thetotalnumberofl･elterLltedとはeSl･tln望ed19-3J7-foJ'uppcr-
cL･OWnbl･anChes,77-】35foHlllddle-crowllbl･anChes.LLnd

◎2002NRCCこHILILlと1
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20-18forlower-crownbranches(Table1).Fortheupper-
crownbranchesofTree1andTree2,thegreatestnumberof
reiteratedaxesoccu汀edonorder1and2parentaxes,and
thedistributionpatternwaspositivelyskewed(Fig.4).For
theuppeトCrOWnbranchofTree3,whoseprlmaryaxis
(order1)haddiedback,thegreatestnumberofreiterated
axesoccurredonorder3parentaxes.Forthemiddle-crown
branchofTree1,whoseprlmaryandsecondaryaxeshad
bothdiedback,thegreatestnumberofreiteratedaxes
occurredonorder4parentaxes.Forthemiddle-crown
branchofTree2,whoseprimaryaxishaddiedback,the
greatestnumberofreiteratedaxesoccu汀edonorder3par-
entaxes.Forthemiddle-crownbranchofTree3,whichhad
anintactprlmaryaxis,thegreatestnumberofreiteratedaxes
occumdonorder2parentaxes.Forthemiddle-crown
branches,thedistributionpattemswererelativelysymmet-
ric.Forthelower-crownbranches,thegreatestnumberof
reiteratedaxesoccurredonorder3parentaxesinallthree
samplebranches.Thedistributionpatternwasrelatively
uniformforthelower-crownbranchofTree1,negatively
skewedforTree2,andrelativelysymmetricforTree3.
Diebackoflower-orderbranchaxesshiftedthemodeofthe

distributiontohigheトOrderaxes,indicatlngthatdiebackof
prlmaryandsecondaryaxesisassociatedwithanincreasein
thenumberofreiteratedaxesobservedonhigher-orderaxes.

Thespatialdistributionofreiteratedaxesshiftedfromdis-
taltoproximalpositionswithinthebranchfromupper-to
lower-crownbranches(Fig.5).For仙eupper-crownbranch
ofTree1,thegreatestnumberofreiteratedaxesoccurred
between0.5and0.60fbranchlength,andthedistribution
pattem wassymmetric.Fortheupper-crownbranchesof
Tree2andTree
occu汀edbetween

tributionpatterns
crownbranches,
occu汀edbetween

tributionpattems
crownbranches,
occu汀edbetween

3,thegreatestnumberofreiteratedaxes
0.7andO･90fbranchlength,andthedis-
werenegativelyskewed.Forthemiddle-
thegreatestnumberofreiteratedaxes
0.5and0.80fbranchlength,andthedis-
wererelativelysymmetric.Forthelower
thegreatestnumberofreiteratedaxes
0.2and0.50fbranchlength.Distribution

patternswererelativelysymmetricforthelower-crown
branchesofTree1andTree2,whileitwasbimodalfわrTree

3withmodesat0.2-0.3and0.6-0.70fbranchlength.

Forallbranches,thesizedistributionofreiteratedsections
(numberofSCUsandfoliatedshootsdistaltoeachreiter-
atedaxis)wasstronglypositivelyskewed,indicatingthat
small,youngreiteratedaxesarebeingproducedcontinu-
ously(Fig,6).Forexample,forthemiddle-crownbranchof
Tree2,106ofthe135totalreiteratedaxesofthebranchhad
onlyoneSCUdistaltothem.Similarly,68ofthe135reiter-
atedaxeshadlessthan100fbliatedshootsdistaltothem,
andanadditional36reiteratedaxeshad101-200foliated
shootsdistaltothem.Thisindicatedthatthemajorityofthe
reiteratedaxesareyoungfbliatedaxescomprlSlngOneSCU
andlessthan200foliatedshoots(e.g"Fig.3,R3).Thefew
large,OldreiteratedaxesthathadgrowntocomprlSeSeveral
SCUsandhundredsoffoliatedshootsoccurredonlower-

orderaxesatproximalpositionsnearthemainstem.

Thecumulativenumberofreiteratedaxesproximalto
eachSCUreflectsthenumberofrepeatedreiterationsthat
occurredleadinguptothefoliatedaxis･SCUsthatwerepro-
ducedbycontinuoussequentialbranchingoftheprlmary

Can.J.Bo†.Vo1.80,2002

Fig.4.NumberofreiteratedaxesoccurringOnParentaxesOf
differentbranchingorderinbranchesofoldPseudotsuga
menzieSiltrees,Asterisksabovethemodeindicatebranches

wheretheprimaryaxis(order1)hasdiedback(singleasterisk)
andthosewhereboththeprimaryandsecondary(order2)axes
havediedback(doubleasterisk).Notethevariedy-axisrange
values.

Uppercrown

S
aX
t2
P
a
P
2L

a
l!aJ
I

O
L

a
q
∈
nN

1 2 3 4 5 6

Middlecrown

1 2 3 4 5 6

Lowercrown

1 2 3 4 5 6

Branchingorderofparentaxis

ax.is(order1)ofthebranchshouldhave.nop.ro-､timal
relteratedaxes,whereasSCUsproducedbyepICOrmlC 加 O(
productionwillhaveoneormoreproximalreiteratedLlヽCS･
SCUsofupper-CrownbrancheshadamaximumoftwoOl●
threeproximalreiteratedaxes,whilethoseofmiddleイ1'OWn
brancheshadamaximumoffourtosix,andthoseofj･.Wer-
Crownbrancheshadamaximumofthreeorfourplmilnal
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lshiietal.

Fig.5･Spatialdistributionofrelteratedaxeswithineachbranch
ofoldPseudotsugamenziesiitrees.Relativedistancefromthe
mainstemistheradialdistancefromthemainstemtothebase
ofeachreiteratedaxisrelatlVetOthetotalbranchlength(see
eLl･1)･Notethevariedy-axisrangevalues･

Uppercrown

S
aX
t2Pale
J

a
t!aJ
1

0
L

a
q
∈
nN

0 02 0.4 0.6 0.8 1.0

Middlecrown

0 0.2 0.4 0.6 0.8 1.0

Lowercrown

0 0.2 0.4 0.6 0.8 1.0

Relativedistancefrommainstem

reiteratedaチes(Fig･7)･Thisindicatesthatthenumberof
repeatedrelterationsincreaseswithincreaslngbranchage
andsize･Fortheupper-crownbranchofTree1,mostofthe
ScUsandfoliatedshootshadoneortwoproximalreiterated

axes,andonlyoneSCUcompris.ing60foliatedshoots(213%
ofthebranchtotal)hadnoproxlmalreiteratedaxes･Asimi-

eeepa,t:e;nhe,:atSheOEsae,rovr?tdyf.ofrS毘 suapnpderf-.ClriOayendsbhroa.ntCshhaOdf
oneortwoproximalreiteratedaxes,andonlynineSCUs
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comprising1184foliatedshoots(22.5%ofthebranchtotal)
hadnoproximalreiteratedaxes･Fortheupper-crownbranch
ofTree3,allSCUshadoneormoreproximalreiterated
axes,indicatlngthatallfoliageonthisbranchhadbeenpro-
ducedbyeplCOrmicshootproductionForthemiddle-crown
branchofTree1,allSCUshadtwoormoreproximalreiteト
atedaxes.Forthemiddle-crownbranchesofTree2and

Tree3,mostoftheSCUshadonetothreeproximalreiter-
atedaxes,andonly12SCUscomprlSlng1733fbliated
shoots(10%)andfiveSCUscomprising872foliatedshoots
(8.3%)hadnoproximalreiteratedaxes,respectively･Forthe
loweトCrOWnbranchesofTree1andTree3,allSCUshad
oneormoreproximalreiteratedaxes.FortheloweトCrOWn
branchofTree2,OnlyoneSCUcomprlSlng104foliated

shoots(2･1%)hadn?pToximalreiteratedaxes･Theseresults
indicatethatthemaJOntyOffoliatedshootsonthesample
brancheswereproducedasaresult･ofoneormorebasalreit-
erationsbyeplCOrmicshootproduction,andonlyasmall
percentagewereproducedbycontinuoussequentialbranch-
1mgOftheprlmaryaxis.
Forallbranches,therewerestronglinearrelationships
betweenthetotalnumberoffoliatedshootsandthenumber

ofcu汀ent-yearShootsdistaltoeachreiteratedaxis(Fig.8).
Thisindicatedthattheproportionofcurrenトyearshootsin
thereiteratedsectionsofthebranchisconstantamonglarge,
OldreiteratedsectionscomprlS】ngSeveralhundredfoliated
shootsandsmall,youngreiteratedsectionscomprlSingfewer
foliatedshoots.Theslopeoftherelationshipwasgreaterfor
theupper-Crownbranchesthanforthemiddle-alldlower-
crownbranches(ANOVA,F=17.66,P=0.003).Forthe
upper-crownbranches,thesloperangedfrom0.246to0299,
indicatlngthat24.6-29.9%offoliatedshootsinthereiter-
atedsectionswerecu汀ent-yearShoots.Thesloperanged
from0,155to0.186forthemiddle-crownbranchesandfrom
0.175to0.202fわrthelower-crownbranches,

Ageestimatesoftheparentaxesofjunctionssampledfor
growth-ringanalystsrangedfrom17to104years･Ageesti-
matesforthereiteratedaxesrangedfrom 12to69years
(Fig.9).ThenumberofSCUsandfoliatedshootsdistalto
thereiteratedaxisgenerallylnCreaSedwithincreaslngageOf
thereiteratedaxis(r2=0.445,P=0.01andr2=0.460,P=
0.01,respectively),indicatingthatreiteratedsectionsofthe
branchincreaseinsizewithincreasingage.Theagediffer-
encebetweentheparentandreiteratedaxesisanestimateof
theageoftheparentaxiswheneplCOrmicshootproduction
occurred.Thesevaluesrangedfrom5to58yearswithan
overallmeanof23･5years(Fig.10).Therangeofagedif-
ferenceswassimilarbetweenorder1andorder2axes,indi-
catingthatbothtypesofaxeshadproducedbasalreiterations
atawiderangeofages.

Discussion

TheresultsshowthateplCOrmicshootproductionfrom

olderbranchaxes(basalreiteration)occヮrscontinuouslyin
branchesofoldPmenziesiitrees,reiteratlngSmallandlarge
sectionsofbranchescomprlSlnglessthan100toasmanyas
10000foliatedshoots(mostofthefoliatedshootsonthe
branch).Briandetal.(1992)Observedthatbasalreiterations
occurmainlyfromtheprlmaryaxisofbranchesofyoung
Thuja occidentalisL･and suggestedthatthisprocess
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Fig.6.SizedistributionofsectionsofthebranchreiteratedbyepICOmi CshootproductioninoldPseudotsugamenziesiitrees･The
numberofshootclusterunits(SCUs)andfoliatedshootsdistaltoeachreiteratedaxiswasusedasameasureofthesizeofthereilLnrl
atedsection.Notethevariedy-axisrangevalues.
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increasesphotosyntheticareaintheinnerreglOnSOfthe
crownwhereoldsecondaryaxeshaveabscised.Beginand
Filion(1999)observedゎasalreiterationtooccurmainly
fromtheprlmaryandsecondaryaxesofbranchesofyoung
Piceamariana.Inthisstudy,Wefoundthatbasalreiteration
byeplCOrmicshootproductionoccursmainlyontheprlmary

axisofbranches(orderI)andonsecondary?xesforyoung
upper-CrownbrancheswheretheseaxesareIntact(Fig.4).
However,ifprlmaryandsecondaryaxesweredamaged
ordiedback,basalreiterationoccurredmoreoftenfrom
higherl0rderaxes･Inaddition,forupper-crownbranches,the
distributionpatternsofbasalreiterationsacrossaxisorders
werepositivelyskewed,i.e.,concentratedonprlmaryand
secondaryaxes.hcontrast,formiddle-crownbranches,the
distributionpatternsweresymmetric,andforthelower-
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NumberoHoliatedshoots

crownbranches,theywereunifわrmornegativelyskewed･
Thisindicatedthatthefrequencyofbasalreiterationsshifts
fromloweトOrderaxestohigher-orderaxeswithincreasing
branchageandsizeandwithdecreaslngheightinthecroWn･

Thespatialdistributionofreiteratedaxeswithinthe
branchsuggestedthatreiterationoccursatincreaslnglypl■OX-
imalpositionswithinthebranchwithincreasingbranchage
andsizeandwithdecreasingheightinthecrown(Fiぎ･5)･
ReiteratedaxesmostlyoccurredatdistalpositionswithiJl
upper-crownbranches,indicatingthatthesebranchesare
stillexpanding toward the outercrown･Upper-ei-Own
brancheswererelativelyyoungandmaystillbeincreilSi-1g
insizeexploitingthefavorablelightconditionsoftheLlPPer
crown･Branchessampledfrom themiddle-crown､Vere
amongthelargestorlglnalbranchesineachtreeallLiare
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Fig.7･Numberofshootclusterunits(SCUs)andfbliatedshootsinrelationtothecumulativenumberofreiteratedaxesproximalto
eachSCUinbranchesofoldPseudotsugamenziesiitrees.Thecumulativenumberofreiteratedaxesreflectsthenumberofrepeated
reiterationsthatoccurredleadinguptothefoliatedaxis.Notethevariedx-axisrangevalues.
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likelytohavereachedmaximum size(IshiiandWilson
2001).Forthemiddle-crownbranches,reiteratedaxeswere
foundatmoreproximalpositionswithinthebranchcom-
paredwithupper-crownbranches.Thismayrepresentcessa-
tionofexpansiongrowthandredistributionoffoliagearea
tomoreproximalpositionswithinthebranchbybasalreiter-
ation･Lower-crownbrancheswereepICOrmiCbranchesfrom
themainstemandwereyoungerinagethanthemiddle-
crownbranches･However,lightconditionsinthelower
crownareuniformlydark,andthismaylimitbranchgrowth･
LoweトCrOWnbranchesmayhavealsoreachedtheirmaxi一
mumsize,andbasalreiterationfromproximalsectionsof
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thebranchmayworktodistributefoliagemoreuniformly
withinthebranch.

BegirlandFilion(1999)observedthatrepeatedreiteration
producesseveralHgenerationsofreplicasMwithinbranches
ofPiceamariana,suggestingthatbasalreiterationisapopu-
lationprocessthatcontinuouslyreproducesarchitectural
unitswithinbranches･Inthisstudy,weshowedquantita-
tivelythatbas礼lreiterationbyeplCOrmicshootproduction
mostoftenreiteratesSCUscomprlSlnguPtO200foliated
shoots(Fig.6).Thestrongpositivelyskewedsizedistribu-
tionofthereiteratedsectionssuggestedhighratesofpro-
ductionofreiteratedaxesandhigh mortality.Onlyafew
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Fig.8.Relationshipsbetweentotalnumberoffoliatedshootsand
numberofcu汀ent-yearShootsdistaltoeachreiteratedaxisin

branchesofoldPseudotsugamenzz-esiitrees･Theslopeofeach
relationshipindicatesthemeanproportionofcu汀ent-yearShoots
inthereiteratedsectionsofeachbranch.Thex-andy-axisrange
valuesarevariedbuttheirratioswereheldconstant(5:1)to

facilitatecomparlSOnOfslopes.
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reiteratedaxesgrow tocomprlSemanySCUsandseveral
hundredfoliatedshoots.Mostreiteratedaxespresumablydie

backwhilestillyoung.Wealsoshowedthatbasalreiteration
occursrepeatedlywithinthebranch,producingreiterated
axesuponreiteratedaxes,addinguptoasmanyassixre-
peatedreiterationsleadinguptothefoliatedaxis(Fig.7)･
Only a small percentage of foliated shoots of old
P.menziesiibrancheswereproducedasaresultofcontinu-
oussequentialbranchingoftheprlmaryaxis,i.e.,without
reiteration.Forsomebranches,allfoliatedshootswereaト

ーachedtooneormorereiteratedaxes,indicatlngthatallfわ-

liagewasproducedbyeplCOrmicshootproductionandthat

CanLJ･Bot･Vol･80.2002

Fig.91Ageestimatesofreiteratedaxesfromthe13axisJunc-
tionssampledfrombranchesofoldPseudotsugamenziesiitrees
forgrowth-ringanalysisinrelationtothesizeofthereiter'lrLld
section(numberofshootclusterunits(SCUs)andfoliatedshoots
distaltothereiteratedaxis).
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Fig.10.AgedifferencesbetweenpalrSOfparentandreiterated
axesfromthe13axisJunctionssampledfrombranchesofold
Pseudotsugamenziesiitreesforgrowth-ringanalysisinrelation
tothebranchingorderoftheparelltaxis.
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allterminalbudsorlginatlngfrom sequentialbranchingof
theprlmaryaxishaddied.
Thepercentageofcurrent-yearshootswithinreiterLlled
sectionsofthebranchwasconstantregardlessofthesizeOf

thereiteratedsection(Fig.8).BothnewlyproducedreitL'ra-
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lionsCOmPrlSlngafewhundredfoliatedshootsandlargere-
iteratedsectionscomprlSlngSeveralhundredfoliatedshoots
havethesamepercentageofcurrent-yearshoots.Thisindi-
catedthatbasalreiterationmaintainsaconstantrateofnew
shootproductionanddoesnotresultinadeclineinbranch
growthrate.Upper-Crownbrancheshadahigherpercentage
ofcu汀ent-yearShootsthan middle-and lower-crown
branches,indicatlngthatupper-crownbranchesarestillin-
creasinglnSize,whilemiddle-andlower-Crownbranches
mayhavereachedmaximum size.Epicormicshootsthat
occurinresponsetodamageorprunlngareknowntohave
higherratesofgrowthandassimilationthansequential
shoots(Tschaplinskiand Blake 1989;Davidson and
Remphrey1994;RemphreyandDavidson1994).Ishiiand
Ford(2001)showedthatwithinSCUs,epicormicaxeshave
higherratesofnewshootproductionthanadjacentsequen-
tialaxes･ThismaybebecauseepICOrmicaxesarereplaclng
declinlngSequentialaxeswithinSCUs.Atlargerscales,the
proportionsofvigorouslygrowlngeplCOmicaxesandde-
C)jnlngSequentialaxesmaybalanceout,resultinglncon-
stantratesofnewshootproductionamongsectionsofthe
branchproducedbybasalreiteration.

AnalysesofgrowthringsfrompalrSOfparentandreiter-
atedaxesshowedthatreiteratedaxesincreaseinsizewith

increasingage(Fig･9)andthatbasalreiterationscan.Occur
onparentaxesofvariousages(Fig･10).Although estlmateS
basedonthenumberofgrowthringsareapproximate,as
en.Ormayresultfrom missingrings(Reukema 1959;
Kershawetal.1990),ourresultssuggestthatreiterationcan
occurfromepICOrmicshootsproducedfromfoliatedshoots
(5-8years)aswellasfrommt】cholderbranchaxes(atleast

58year!old)･Bothprimaryandsecondaryaxesproduced
eplCOrmlCShootsatawiderangeofages,indicatingthat
bas礼lreiterationoccurscontinuouslywithinbranchesofold
Pmenziesiitrees.

Ishiiand Ford (2001)Showed that,Within SCUs,
epICOrmicshootproductionoccursmostfrequentlyfrom5-
and61year-OldfoliatedshootsinbranchesofoldPmenziesii
trees･Theyestimatedthat9-65%ofannualfoliageproduc-
tionofbranchesoccursoneplCOrmicshoots･Atalarger
scale,lshiiandWilson(2001)foundthat15-48% ofthe
total numberofbranchesofoldP menziesiitreesare

epICOrmicbranchesfromthemainstem･Theyshowedthat
eplCOrmicbranchesextendcrowndep血andalsocreatean
"innercrownHinsidetheoutercrowndefinedbytheonglnal
branches.Inthisstudy,weroundthatbasalreiteration
(epicormicshootproductionfromolderbranchaxes)occurs
continuously and repeatedly within branches of old
Pmenziesiitrees･Inaddition,basalreiterationmayoccuron
axesofvariousbranchingordersandages.Somereiterated
axesmaygrowtocomprisethousandsoffoliatedshootsso
thatmuchofthefoliagewithinthebranchisproducedasa
resultofoneormorebasalreiterations.

PreviousstudieshaveshownthatepICOrmicshootproduc-
tioninyoungtreesoccursinresponsetoexogenousstimuli,
Suchasdamage(Wignalleta1.1987;WilsonandKelty
1994;DavidsonandRemphrey1994),defoliation(Carrollet
aLl993;PieneandEveleigh1996),andchangesinlight
tondition(Cosens1952;KozlowskiandPallardy 1996;
0'HaraandNarayanan2000;butseeWignallandBrownlng
1988).However,Severalstudiesalsosuggestthatepicormic

925

shootproductioncanoccurwithoute呆ogenousstimulias
partofthenormalarchitecturaldevelopmentofthetree
(adaptivereiteration:BryanandLanner1981;Ewers1983;

ConnorandLanner1987)･Adaptivereiterationbyep享cormic
shootproductioIIWithinbranchesandfromthemalれStem
hasbeensuggestedasamechanismthatmaintainsfoliage
withinthecrownofvarioustreespecies(e･g.,Bryanand
Lanner1981;ConnorandLanner1987;Remphreyand
Davidson1992),Ⅰnarecentstudy,Nicolinietal.(2001)
foundthatepICOrmicshootproductionfrom older,lower
sectionsofthemain stem leadstofomation ofan

"eplCOrmiccrowllMthatcontributestomaintainlngCrown
productivitylnSuppressedFagussylvaticaLtrees.Mainte-
nanceofcrownproductivitybyepICOrmicshootproduction
maybeespeciallyImportantfわrsuppressedtreesthathave
ceasedcrownexpansionaswellasforlargecanopytrees
thathavereachedmaximum crownsize.TheubiqultyOf
epICOrmicshootproductioninoldP.menziesiitreesreiterat-
1ngVariousarchitecturalunitsfrom clustersoffoliated
shoots(IshiiandFord2001)tolargesectionsofbranches
(thisstudy)andentirebranches(IshiiandWilson2001)sug一
geststhatthisisaninherentprocessthatmaintainscrown
productivltyaftermaximumcrownsizeandfoliagebiomass
havebeenreached.
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