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Growth Lossof Lebanon Cedar (Cedruslibani) Standsas
Relatedto Periodic Outbr eaksof the Cedar ShootMoth
(Dichelia cedricolg

SerdarCarug andMustaf Avc 2

An outbreakof Dichelia cedricola (Diakonoff) (Lep.: Tortricidae), the cedarshootmoth

(CSM), beganin spring1998andlasted3 years.Thiswasthe rst monitoredoutbreakof the

CSMin Isparta,Turkey. Treecrownsrecoseredto nearnormalconditionby the middle of

eachgrowing seasor(in early June)during the outbreak. Treevolumeandvolume element
incrementswere examinedthroughoutthe outbreakcycle from 1954to 2001. In the past,
CSM actiity in standsof Lebanoncedar(Cedruslibani A. Rich.) wasassessethrough
radial incrementanalyses.Cedartreering chronologiesvere analyzedfor evidenceof the

CSM. Tree-ringchronologiesrom nonhostcedar(nondefoliatedsampletrees)were usedto

estimatepotentialgrowth in the hostcedar(defoliatedsampletrees)during currentandpast
outbreaksall treesselectedverethe samesubspecieandvarieties. Regional outbreaksof

the CSMwereidenti ed by synchronousindsustainedyrowth periodsof thetrees.In 2001,
incrementcoreswere collectedfrom 17 hostand 16 nonhostdominantor codominantrees
andannualradial growth indicesfrom 1954—2001werecalculatedfor eachof two hostand
two nonhostsampleplots. Growth functionswerede ned asthe cumulatve sumof radial,

height,andvolumeincrementandweregraphicallycomparedetweernCSM hostcedarand
nonhostcedartrees.Treering evidencesuggestshata large-scaleutbreakoccurredn 1955
(from 1955t0 1966)anda smalloutbreakoccurredn 1985(1985-1990andin 1998(1998-
continued)in the study area. The averagediametergrowth reductionsaround1955, 1985
and1998were40%,46% and7% of potential ,respectiely. It wasconcludedhata narrav

latewood bandis signi cant indicatorof defoliationby the CSM andthe outbreaksappear
to beassociatedavith dry winter andspringweathermprior to the autumnandwinter in which

woodfeedingoccurred.

KEY WORDS: Lebanoncedar; Dichelia cedricolg growth loss; tree ring analysis;den-
drochronology

INTRODUCTION

The widest natural distribution of cedar(Cedruslibani A. Rich.), one of the most
importantforesttreesof Turkey, is in the TaurusMountainsof Turkey, with a total area
of approximately336,000ha. Cedaris signi cant from the historical, cultural, aesthetic,
scienti ¢ and economicaspectg2,3,9). It grows in Mediterranearmountainclimates,
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generallybetween800 and 2100 m elevation (9), and hasdistinct ring boundaries. Its
ageis known to reachup to 500years.

Insectoutbreaksare one of the major disturbancesffecting the forests. Defoliation
of hostspeciedyy insectshasa signi cant in uence on foreststanddynamicsby reducing
treegrowth, increasingreemortality, andalteringspeciecomposition(5). Insectdamage
causesa 3% reductionin annualwood growth (2). The amountof insectdamagewas
determinedo average221,909m? duringtheyears1997to 2000in Turkishforests.

Outbreakof Dichelia cedricola(Diakonof) (Lep.: Tortricidae),the cedarshootmoth
(CSM),in cedarforestswere rst detectedn this partof thewesternMediterraneamegion
of Turkey in 1998 (3). The insecthasa one-yeatlife cycle. Eggshatchin Augustand
new larvaefeeduntil cold weatherbeaginsin late autumn.The CSM overwintersasyoung
larvae,whichin late springresumeeedingon the needlesat thetips of branchesteaching
up to 1.2 cmin lengthby summer The heaviest defoliation occursfrom March to June.
The larvae spin cottonlike webswhenthey are active, andthe damagedartsof the tree
with deadagglutinatecheedlegemainlong afterthefeedingperiod(3).

A ring producedin a particularyearis a function of several interrelatedbiological,
physical, stand,and climatic factors. Becauseour main objective wasto understancor
evaluatethe effect of defoliation on growth, factorsthat affectedthe width of an annual
ring producedn a givenyearandthatwerenot relatedto defoliation,wereremosedfrom
thering width series.Dendroecologicainethodg10) allow oneto accountfor abioticand
biotic conditionsthataffect annualradialgrowth in trees suchasclimateandtreeage,and
thenisolatethe contrikution of a singlefactor suchasinsectdefoliation,to radial growth.
SeveralrecentNorth Americanstudieshave useddendroecologicahnalysisto investicate
the effectsof defoliatinginsectsonradialgrowth (6,14,16,17,20-22).

The cedarstandin the study areais divided into two equalsectionsby the Karugan
stream. The currentsesere CSM outbreakthat began in the spring of 1998 was absent
on the easternside of the Karugan stream. According to forestry of cials, periodic
outbreakshave beenpermanentlypresentin the westernpart of the region since 1985.
Furthermore,personalcommunicationwith old residentsin this region indicated that
periodicoutbreakof CSM occurredepeatedlypefore1985andtheredwoodant(Formica
rufaL.) (Hym.:Formicidae)hasexistedfor long periods.This resultmaybe relatedto the
occurrenceof the redwood antin the easterrmpart of the studyarea(nonhostcedarsample
plots2 and4). CSM densitywassurprisinglychangedy the redwood ant. Two andthree
nestsof redwood antswere found in the nonhostcedarplots no. 2 and4, respectiely.
F. rufa feedsespeciallyon CSM larvae, eggsandpupae(3). An averagesizedcolory of
Formicapolyctenahasbeenfoundto consumebout6.1 million insectsn a seasor{18).

In orderto analyzethe impactof CSM outbreakswe determinedhat sampletreesin
the easternsectionwere not hosttreesin the years1985and 1998 and that the western
sectionof Karugan streamcontainechosttrees.Amongtreesselectedashostandnonhost
cedarin the sampleplots, it wasdeterminedhatthey were not a differentsubspeciesr
variety Sampleplots 1 and 3 (host)and2 and4 (nonhost)consistedof pole and small-
saw log-sizedtreeswhenthis currentoutbreakwasdetected Thefour plots,symmetrically
locatedto theKaruganstreamn 6-hastandswereselectedasbaselinan orderto ensure
similar stand edaphicclimatic andphysiographiccharacteristics.

Ourassumptions thathostandnonhostcedarntreeswithin anuncutstandhave similar
radial gronth patterns(growth curves) in the absenceof CSM defoliation. The radial
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growth patternof cedartreesknown to have beenpreviously defoliatedby the CSM are
differentfrom undefoliateccedarghatarein thesameregion. However, pastCSM activity

would causedifferentradial growth patterns,andthereforethe period of actiity canbe
detectecandmeasuredT his paperdescribes methodto estimategheoccurrenceintensity
andpotentialhazardof pastCSM outbreaksn this region dominatecby cedarforest( 70

yearsof age)of the westernMediterraneamegion of Turkey. Our rst objectve wasto

analyzetheimpactof CSM ontheradial,heightandstemvolumegrowth of thehhostcedar
thatsurvivedthelastoutbreak.Our secondbjective wasto detectperiodicity of the CSM

outbreaks.

MATERIALS AND METHODS

Study area The studyareawaslocatedin the westernMediterraneamegion of Turkey,

which is approximately40 km from Isparta. It is at 38 05'N, 30 42'E, averageslope
23, predominantlynorth-facingaspect, 1575m altitude,and 1223hain size. The
studyareais foundon calcareousormationsof Eoceneage.Thesoil variesfrom shallov to

mediumto medium-deepandis generallystory. However, mary cracksbetweerlimestone
blockscontain ne soil andcreatea physiologicallydeepsoil (9).

Climate data Mean monthly and annualtemperatureand rainfall datafor the period
1929-2001were obtainedfrom the IspartaMeteorologicalStation. In the study area,
the 685 mm (meanannual)precipitationfalls mainly from OctoberthroughMay. There
wasgreatdeviationin the distribution andamountof precipitationduringtheinvestigation
period. This regionis in the transitionalzonebetweernthe Mediterranearclimateandthe
continentalclimatewith colderwintersandhottersummers.Meanannualtemperaturés
9.1 C. In accordancavith De Martonnes drynesscoefcient (1=25.87),the studyareais
de ned ashumid.

Study measurementsand analysis The study standsare the resultof naturalregener
ationin 1930. In 1998, the outbreakbegan in the cedarstand,and partial defoliation
occurredin 2001. Four sampleplotslocatedin natural,undisturbedmiddle-agedof even
age)standsof cedamwereselectedor studyduringtheautumnmonthsof 2001.Increment
coreswere collectedfrom treesat four locations(plots) in the studyarea. Two of these
plots (nos. 1 and3) hadbeenhewaily defoliatedsincel955andtwo (nos.2 and4) hadno
previousrecordof CSM actwity (3). Habitatcharacteristicef thesefour baselinesampling
plots were assumedo be similar. The chosenapproachwas basedon the assumption
that, if nonhostand hosttreesrespondedn a similar mannerto climatic variations,then
the differencesbetweenstandardizeding chronologiesof nonhostand hosttreeswould
primarily re ect nonclimatic ervironmentalvariations, such as the effects of the CSM
(4,5,15,22).

All treeswithin the plots were identi ed, heightand diameterwere measuredand
defoliationswereevaluated.The ageof 25—-30sampletreesalsowasrecordedo allow an
estimationof site quality (productvity). Treediameterandinformationon the presence
or absenc®f CSM attackscrown form, defectsanddiseasesvererecorded.Treesin the
sampleplot providedthegrowth informationandwerethe basisfor basalareaanddiameter
growth statementdor the 0.1-haplot. Treevolumewas calculatedusinga double-entry
volumetableof cedar(9).
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Collection and measurement of increment cores In the autumnof 2001, increment
coreswere taken from 17 dominantand codominanthost cedarsand from 16 dominant
andcodominannonhostcedartrees.Incrementcoreswereextractedat breastheightfrom
oppositesidesof eachsampletreeparallelto thetopographiaontour Coreswereinserted
into labeledplastic strawvs that were thermally sealedto prevent moistureloss and kept
frozenuntil they weremeasuredTable 1). Using a stereomicroscopegnnualincrement
wascross-date@10) andmeasuredh mm (0.01mm precision)on eachcorefor the period
1944-2001Theageof thetree(at breastheight)wasalsorecorded.

TABLE 1. Sitedescriptionandcharacteristicef incrementores

Plotno. and Altitude (m) Slope Increment Mean(range) Standard

type () cores(no.) ageof rings deviation
(years) (age)

1, Host 1550 28 9 48(33-63) 10.2

2,Nonhost 1610 18 8 42(30-59) 11.3

3, Host 1570 29 8 49(32-59) 10.3

4,Nonhost 1570 20 8 39(26-51) 9.3

All sitesarenorth-facing.

TABLE 2. Resultsobtainedwith the ARSTAN andCOFECHAprograms

CedarGroups Nonhost Host
Chronologytype Standard Standard
Mean 1.0000 1.0000
Median 0.9979 1.0250
Meansensitvity 0.1025 0.1194
Standardieviation 0.1964 0.2098
Skewness -0.7060 -1.8761
Kurtosis 0.0362 3.1510
Autocorrelationorderl 0.8183*** 0.8093***
Partial autocorr order2 0.1202 -0.2577
Partial autocorr order3 -0.2235 -0.4149
Seriesntercorrelation 0.6373*** 0.6267***
Averagemeansensitvity 0.1082 0.1354

*** Signi canceat 99%con dencelevel.

Two dominantcedarhosttreesin plots1 (T1) and3 (T3) andonenonhostcedarin plot
2 (T2) werecut. Stemdisksweretaken0 m, 0.3 m, 1.3 m andat every meterstartingl
m from the top of thetrees. After sanding ring widths of the stemdiskswere measured
with aprecisionof 0.01mm alongfour radii (cardinalpoints). Thetotal stemheightof the
treeswasdividedinto threeequalsections:lower, middleandupper Thelower andupper
sectionf thetreestemarepresentedio demonstratéhe outbreakbetter(12,13,19).
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Fig. 1. Developmentatrendof diameterheightandvolumeassociateavith theageof thehost(plots
1 and3) andnonhost(plot 2) cedarsampletrees.T1, plot 1; T2, plot 2; T3, plot 3.
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Fig. 2. Comparisorof treering width indicesandcorrectedndiceswith the hostandnonhostcedar
sampleplot groups.

Dendrochronological analysis Ring widths were measurecdat the Faculty of Forestry
of SlileymanDemirel University soonafterthe coreswere extracted. All coresconsisted
of approximately50 annualgrowth rings, the mostreliable chronologiesexisting for the
yearsfrom 1944to 2001. We graphicallycross-datesgkachseriesand eliminatedseries
that may have had missingrings. The programCOFECHAwasusedto verify the cross-
dating (11) and correctionswere madewhen necessaty The raw treering serieswere
standardizedising ARSTAN to correctfor age-relatedyrowth trend andto producethe
nal index chronologie¢8). We choseo useanegative exponentialbor astraightline with a
50%cutoff wavelengthto standardiz¢heseries This calculationtransformsing width into
dimensionlestsdex values.Thestandarahronologywasusedasarespons&ariablein the
analysiof growth in relationto defoliation. A standarathronologyis mostcommonlyused
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Fig. 3. Averagestandardizedadialincrementfor the host(plots 1 and3) andnonhost(plot 2) cedar
sampletrees.T1, plot1; T2, plot 2; T3, plot 3.

in treering research{6,14,16,17,21)This kind of transformations calledstandardization,
andits purposeis to remove long-termtrendsor low-frequeng variancefrom the tree
ring series. Standardizatioreliminatedthe effect of individual tree age (position within
the stem)andresultedin a seriesthat representedhe relative amountof growth for each
year Two cedarchronologygroupswere created:the hostgroupandthe nonhostgroup.
Standardizeding widthswereusedfor analysisof defoliationeffects;averagesvereused
in eachsampleplot. Theresultsof the programsARSTAN andCOFECHAarepresentedh
Table2. Theseresultsndicatedthatthestandarahronologiesverefoundto bestatistically
signi cant in the nonhostandhostcedargroups,andthereforeit canbe concludedhatthe
resultsarereliablefor comparisorbetweerplots.

The percentreductionin the tree-ring index associatedvith CSM outbreakswas
calculatedor hostcedartrees.CSM outbreaksausegrowth lossandsometimesnortality
to cedartrees(3). Spring 1998 was the beginning of a CSM outbreak. The extreme
droughtthatyearwealenedandplacedthecedartreesunderstressin 1998, De Martonnes
drynesscoefcient andtotal monthly precipitationwere15.38(semi-humid)and312 mm,
respectrely.

RESULTS

Stand growth Sampleplot averagesindicated that defoliation negatively in uenced
growth of cedar(Table 3). The quadraticmeandiameterfor host and nonhostsample
plotswas195.72mmand190.96mm, respectiely, in spring1998.Meandiametergrowth
of hostsampleplots was 1.05 cm for 3 years,whereasmeandiametersin the nonhost
sampleplotsgrew 1.08cm (Table3). Meandiameterincreasedn hostsampleplots,even
thosewith CSM-causedreemortality. Averagegronth valuesof hostpercentagéor basal
areastemvolumeandtop heightwere-8%, -15%and-10%,respectiely. Averagegronth
incrementvaluesfor basalareaand volumewere-31% and-26%, respectiely. Average
top heights(Hgom ) for hostand nonhostsampleplot groupswere 13.28m and 14.82m,
respectiely. Basalareador hostandnonhossampleplot groupswere30.95m? ha * and
33.50m? ha 1, respectrely. Standvolumesfor hostandnonhostsampleplot groupswere
183.30m? ha ! and215.49m?3 ha !, respectiely (Table3).
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Fig. 4. Photographsf thin latewoodduringtheinitial yearof defoliationfor themostrecentoutbreak
(1998,aandb); thin latewood(1985)andsubsequermeducedyronth (arrows)in the 1985outbreak(c

andd); andin the rst severeoutbreal(1955;e,nonhostincel966,andf). Oneyearafterdefoliation,
thereactionatcrown level (discat 9.3 m heightof hosttreesin plot 3) wasmoreintensive thanatthe

stembase Left-handphotos,nonhostcedar;right-handphotos hostcedar

Individual treegrowth Radial growth: Cedartreeswererelatively young, with fewer
than 60 tree rings at coring height. Therewas an abruptgrowth reductionstarting at
25 (1955), 55 (1985) and 68 (1998) yearsof age, lasting betweenl2, 6 and 4 years,
respectiely (Fig. 1). Theaverageannualring width of cedarwaslessduringthe outbreak
thanbeforeandaftertheoutbreakjndicatingatemporarydeclinein growth dueto intensie
CSMfeeding(Table4).

Diametergrowth of hostcedarwas comparedwith that of nonhostcedartreesin the
outbreak. Ratiosof annualdiameterincrementsor nonhosttreesto hosttreesincreased
sharplyaftertheoutbreak For example for the 1998outbreakannualdiametetincrements
of sampldreeswerereducedy 3%in the rst growing seasorafterdefoliation(1999),4%
in thesecondyearafterdefoliation(2000),and21% afterthe seconddefoliation(2001).

Height and volume growth: After severe defoliation by the CSM, including bud
destruction,host cedartreesreactwith proli ¢ epicormicshootproduction. Periodsof
moderatgo severe CSM outbreakamay be detectedFig. 1). The changedvidth growth
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Fig. 5. Comparisorof De Martonnes drynessndex andradialgrowth reduction(%o) for thehostand
nonhostcedarsampleplot groups.

of the nonhosttreesduring periodsof incrementdeclinein hostsmay be usedasanother
indicatorof a CSM outbreak.Defoliation of hostsin plots 1 and3 would, however, result
in increasedutrients thusenhancinggrowth of hostsandexplainingthe positive relation
betweerplot-level defoliationmorethanradial grownth nonhostin plots2 and4 over a few
yearsof outbreal( Table3 andFig. 1). Growth reductionin 1955,1985and1998for height
was-23%,-76% and-49%, respectiely, andthatfor volumewas-12%,-31% and-22%,
respectiely (Fig. 1).

In eachplot the averagediameterand heightincrementof a hostcedartreewas+2%
(with CSM-causedree mortality dueto a thinning effect) and—8%, respectiely, with a
decreasén volumeincremeniof 3% (Table3).

Growth lossesand indexing CSM activity through radial incrementanalysis Com-
paring hostandnonhostchronolagies: The studyareafor developmeniof diameterheight
andvolumegrowth andits growth curvesindicatedthat growth of sampletreeshadbeen
reducedn the past,presumablyby the CSM. Defoliation of cedargenerallyresultedin a
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TABLE 3. Standcharacteristicef the hostandnonhostsampleplots

Sample Individualtree(meanbasalarea) Stand

plot
no.
d h(m) — v(m?) G(g) V(v) N Hoom  T(yrs) SC
(mm) (m? (m3 (stem  (m) (m)

hal) hal) hatl)

1 186.78 9.76 0.16 27.67 160.90 1010 13.00 59 16.88
(0.643y (4.787)

2 194.48 10.81 0.18 32.67 197.43 1100 13.89 52 19.43
(0.822) (6.600)

3 22477 1152 024 3422  205.70 850 1356 53 18.76
(0.964) (7.176)

4 209.12 1239 0.23 34.33  233.54 1000 1575 55 21.29
(1.569) (9.463)

Meansof hostandnonhostsampleplot groups

Host 205.77 10.64 0.20 30.95 183.30 930 13.28 56 17.82

(1and (0.822) (5.982)

3)

Nonhost 201.80 11.60 0.21 3350 21549 1050 1482 54 20.36

(2and (1.196) (8.032)

4)

Host +2 -8 -3 -8 -15 -11 -10 -12

percentage (-31) (-26)

d, diameter;h, height;v, volume;G, basalareaha ! ; V, volumeha ; N, numberof treesha 1; Hgom , top
heightof stand;T, ageof stand;SQ=site quality.

Z Sitequality (top heightof standfor 100-yearage),Siteclassl: 30-34m; II: 25-29m; lll: 20-24m; IV: 15-19m;
andV: 10-14m.

Y In parenthesegeriodicmeanincrement(from 1998to 2001)of stand.

X HostPercentage (H_NH) 100, whereH is hostandNH is nonhost.H andNH arefor individual treesand
standof thevolumeandvolumeelementsd, h,v, G, Ig, V, Iv, N, Hgom andSQ.

TABLE 4. Summarystatisticsanda one-way analysisof variancecomparingstandard-hronologies
in thehostandnonhostsampleplots

Groups Sample Sum Average Variance
size

Sampleplot 1 (Host) 48 49.517 1.032 0.080

Sampleplot 2 (Nonhost) 48 47.108 0.981 0.033

Sampleplot 3 (Host) 48 49.062 1.022 0.065

Sampleplot 4 (Nonhost) 48 45.414 0.946 0.068

ANOVA

Souceof Variation Sumof df Mean F P-value F crit
squaes squaes

Amonggroups 0.223 3 0.074 1.210 0.307 2.653

Within groups 11.556 188 0.061

Total 11.779 191

declinein radial increment. This relationshipis illustratedby the incrementchronology
for cedarin Isparta(Table4 andFig. 2). A declinein incrementassociatedvith CSM
defoliationoccurredduringthe period1985-1990In Figure2, the hatchedareadndicate
wherethe outbreakswere mostevident. Treering recordssuggestedhat the outbreaks
recur periodically every 15-30yearson average,during which rings generallyexhibited
a patternof alternatingwide and narrov increments.A peakreductionin cedargrowth
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occurredatintenalsof 16years,n 1961,1987,and2001.

Analysisof variancewasusedto examinethe differencesdetweenstandardchronolo-
gieswithin hostandnonhosttedarsampleplot groups(7). Tables4 and5 show theresults
of ANOVA, which indicatethat for eachsampleplot and for eachhost—nonhosgroup,
therewereno statisticallysigni cant differenceamongthe standardcchronologies.

TABLE 5. Summarystatisticsanda one-way analysisof variancecomparingstandard-hronologies
in thehostandnonhostcedargroups

Groups Sample  Sum Average  Variance
size

Host(Sampleplot 1+3) 48 49.289 1.027 0.058

Nonhost(Sampleplot 2+4) 48 46.261 0.964 0.036

ANOVA

Souceof Variation Sumof df Mean F P-value  Fcrit
squaes squaes

Amonggroups 0.096 1 0.096 2.053 0.155 3.942

Within groups 4.374 94 0.047

Total 4.470 95

After measuringand matchingindividual chronologiesa masterchronologyof cedar
wasconstructedor eachgroup(Fig. 2). Thenonhostedartreesmighthave beendamaged
by CSMduringpastoutbreaksBasedon Figure3, we canreachtheconclusiorthatalarge-
scaleoutbreakmight have occurredin 1955andaffectedthe whole studyareauntil 1966.
The presentnonhostgroupshave more likely presered their ring-width characteristics
duringtheperiod1966—1985.

The hosttreering-width chronologieshoved lower meansensitvity thanthe nonhost
trees.Meansensitvity of the nonhostcedarchronologywasfoundto be 0.103,indicating
alow responséo climatic factors.This nding indicatesthatcedarnreesproducedegular
annualring widths, and low meansensitvity revealedrelatively low variation in the
chronology since climatic conditionshave a minimal effect on ring widths when trees
have amplemoisture.Low growth in the precedingyear(t—1) wasa limiting factorfor tree
ring widths(Table2).

Outbreakswere evident as low growth indices in the host seriesthat were not
apparentin the nonhostseries(Fig. 2). The graphical comparisonof the host and
nonhostchronologieshouldprovide someevidencethat CSMshave causedadial growth
reductionin the hosttrees. Hosttrees,however, may alsohave beenrespondingo other
ernvironmentafactors suchasdroughtwhich mayhave causedyrowth reduction.Equation
1 correctsa hosttreechronologyby rst scalingresidualfrom the controlsite chronology
to the samevarianceasthe host-treechronologyto be corrected. Thesescaledresiduals
arecalledthe “predictedresidualindices' (PRI). The PRIsarethensimply subtractedrom
the host-treeindicesto producethe “correctedindices' (Cl). The purposeof the Cl is to
remove the host-treering chronologies'ervironmentaleffects commonto both hostand
nonhostchronologiesso that more preciseestimatef grownth reductioncanbe derived
from the correctechostseries.Thecorrectedseries(Egs. 1 and2 andFig. 2) wereusedto
identify thetiming of outbreaksthedurationof CSM-inducedow growth periodsandthe
maximumannualandperiodicradialgrowth losseq22). Subtractinghe correctedndices
duringoutbreakdgrom the potentialgrowth value(1.0) andmultiplying by 100derivedthe
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latter two values. Thus,the radial gronth reductionvaluesareexpressedn relative terms
asapercentagef expectedgrowth.

_ SDEV (H) .
PRI = W(NH)(INDEX (NH) MEAN (NH)): and (1)
Cl = INDEX (H) PRI )

SDEV (H) and SDEV (NH) are the standarddeviations for the host and nonhost
seriesINDEX (H) andINDEX (NH) areeachindex valueof the hostandnonhostseries,
respectrely, andMEAN (NH) is the meanof thenonhostseriey  1.0).

For all sampleplots, the collectedincrementcoreswere successfullycross-dateénd
consequentlywere included in the tree ring analysis. Mean correlationof all cores
with their masterchronologywas >0.5. The numberof coresincludedin sampleplot
chronologiesvasbetweerB and9, andstartingdatesrangedirom 1944to 2001 (Table1).
Samplesizeincreasedteeplyin 1954,

Measues of growth reduction: The correctedhost-treeindices(Eq. 2) canbe used
in mary waysto quantify CSM-inducedgrowth reduction. Measuringthe radial, height
and volume of growth reductionduring an outbreakwas donein order to determine
the maximum growth reductionfor one year and to calculatethe radial, height and
volumeperiodicmeangrowth reduction.Eachof the grownth reductionmeasurementsas
convertedto percentreductionfrom expectedgrowth by multiplying the computedvalues
by 100.

Treeswith ahighCSM populationduringtheperiod1998-20010st 100%of theleader
needlesaswell asthe needlef the upperwhorl branchesBy the middle of the growing
seasonthe length of new shootsproducedat thesepositionswas reducedsigni cantly.
Shootsin the lower canofy werelessseverely damagedindnew shootsat thesepositions
shaowvedlittle or no growth reduction.Leaderandheightgronth werereducedmmediately
becaus®f bud feedingby the CSM; severedefoliationtook placeearlyin theyear before
or duringshootextension.

Responséo drought Our climatic datashowv that growth of cedartreesin the study
areawas most strongly correlatedwith belov-averagetemperaturesnd above-average
precipitationin the precedingyear (from Octoberto December). A tendeng towards
negative correlationof growth with precipitationof thecurrentspringat someof the higher
elevationsitesmayre ect earliersnovmeltand,hencealongergrowing season.

Treeson hostandnonhostsampleplotsrespondedo a severedrought,which occurred
overtheperiod1998-2001with a substantiatlecreasén annualradialincrementFig. 4).
Not only wastotalannualprecipitationwell below averagefor theseyears but alsothetotal
numberof daysin the growing seasorwaslow aswell. The obsereddecreasén growth
began in 1999 and reacheda minimum in 2001. In 1986, whena similar precipitation
de cit occurred,the correspondinglecreasén radial incrementwasas greatasin 1987
(Fig. 4).

The 2000 ring was half the size of a normalring and had very thin latevood; the
latewood was thinner than normal throughoutthe entire period of growth reduction. A
gradualreturnto the pre-outbrealgrowth rate occurredduring the years1985-199(QFig.
4). This patternwasrepeatedvith eachoutbreak.

Theheightincrementgrowth patternfor cedarapproximated sigmoidcurve (Fig. 1),
whereasradial incrementgrowth patternsshoved sharpdeclinesin growth in 1985and
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1990,suggestinghatheightincrementwaslesssensitve thanradialincrementto yearto-
yearvariationsin precipitation. Therewasa declinein heightincrementthe rst yearof
thedroughtandthenarecoveryin the peakdroughtyearof 1986.Furthermoretherelative
magnitudeof thedeclinein heightincrementwasproportionatelynorethanthatfor radial
increment(-60%and-41%,respectiely).

In 1986, more than 59% of the hosttreeshad 42% reducedradial growth relative to
the growth in the previous year whereasonly 8% of the nonhosttreeshad suchgrowth
reduction. In 1986, a larger numberof both host and nonhosttreesshaved a growth
reduction. It is possiblethat the adwerseweatherin 1986 also playeda role in reducing
insectactiity. Extensve defoliation was obsered in 1998. The ring width of cedar
decreasedramaticallyin the yearfollowing the defoliation. In 1999,4% of cedartrees
had6.5%reducedadial growth relative to the growth in the previous year Radialgrowth
in defoliatedtreeswasminimal for 2000. However, this patternwasnot obsenedin the
nonhostreesfor the sametime intervals. The magnitudeof the damagevariedfrom treeto
tree(Fig. 3).

Cumulativegrowth function (CGF): Non-signi cant differenceswere obsered be-
tween CGF graphsof cedarfrom the CSM-free stands(Fig. 1). However, obvious
negative departuresof the host cedarcurwve relative to nonhostcedaroccurredin the
stands.In ections of the hostcurve correspondaloselyto the known occurrencesf CSM
outbreaksn thestand andpresumablyepresenthegrowth-retardingn uence of CSM at
thetime.

In the spring, larvae of the CSM feed on buds and foliage of cedartrees. Severe
outbreakdy the CSM have beenreportedo kill theterminalbudsof cedarntreesandcause
their stemsto fork (3). All studieswhich lastedfor morethanoneyearshovedthatleader
lengthswerealsoreducedn the secondseasorafterdefoliation,whenCSMswerescarce,
andthatin generaheightincrementof cedartreeswerelikely to bereducedor 2—-3years
afteranattack(Fig. 1).

Stemanalysisof two hostcedar(plots 1 and 3) and one nonhostcedar(plot 2) trees
indicateda growth decreasdeginningin the uppersectionof the stem,correspondingo
the rst yearof a severeinsectdefoliation. Furthermoreafter defoliation,the reactionat
the crown level wasmoreintensethanat the stembase(Fig. 4f). Radialgrowth reduction
occurredoneyearafterthe defoliation,suggestinghatthe storedphotosynthatefom the
previousyearplay akey role in thecambialactiity in agivenyear(1).

The maximumgrowth reductionfor one year and periodic averagediametergrowth
reductionsaround1955,1985and1998were20% and40%, 76% and46%,and21%and
7% of potentialgronth, respectiely.

In summary the responsef tree ring growth to obsened defoliation suggestedhat
CSMoutbreaksausedyronth reductionin 1955,1985and1998,andanalternatingpattern
of narraw treeringsfor afew yearsis characteristiof the CSM (Fig. 4).

DISCUSSION

Defoliation estimatesvere comparablebetweenthe host cedar(plots 1 and 3) and
nonhostcedar(plots 2 and4) treesandre ected CSM populationsn outbreakyears,with
a steepdeclinein populationswithin a few yearsfollowing extensive defoliation. There
was a sharpdeclinein the growth incrementof host cedarduring and directly after a
CSM outbreak(in 1955, 1985 and 1998 year) (Figs. 1 and2). In contrast,grownth of

Phytopaasitica33:1,2005 45



nonhostcedardeclinedonly slightly during the outbreakand increasedsigni cantly in
post-outbrealyears.A recovery periodfor ring widthsto pre-outbreallevels shouldlast6
to12years.

In this studywe have shavn that CSM defoliationnegatively in uencesradial, height
andvolumeincremenin hosts,rrespectve of the quality of thathost.Incrementeduction
occurredduringtheyearof defoliation,anddecreasedrowth is notedin theyearfollowing
defoliation. Our analysisindicatesthat both currentandthe previous year's defoliation
affectedgrowth (Fig. 4).

Immediate effect on height growth The immediate (short-termeffect) reductionin
leadedengthonthedefoliatedtreesin 2001is indicative of damageor disruptionof growth
beforeor at thetime of shootextension. The growth lossis mostlikely relatedto a direct
effect of bud feedingby CSM.

Delayed effects on diameter and volume increment A reductionin diameterand
volumeincrementin the yearafter defoliationmay occurin responseo defoliationearly
in the seasorof the previousyear In this caselarger grownth lossesare also seenin the
yearof damagepr in responséo defoliationlate in the previous seasorafter growth for
thatyearhasterminated.In the latter scenariothereis no effect on incrementin theyear
of damageln bothsituations heightanddiameterincrementsendto bereducedy equal
amounts.The delayedresponsen diameterand volumeincrementswithout an effect in
1998,andtheanalogouseductionandrecoveryin heightincremenin thesecondandthird
years suggesthatthesdaterincrementeductionsarerelatedto thelossof needlesn late
summerandautumnafterthe epidemic.

We estimatedhat several yearswould passbeforeseverely defoliatedtreesregained
theirnormalgrowth rate(Figs.1-3).Neverthelessif thealternategronth rhythm showvs up
in quiteafew hosttreesbut notin nonhostreesit is mostlik ely thatsuchgrowth rhythmis
causedy defoliationby the CSM. The ongoingdroughthasresultedin low standgrowth
ratesin the studyareafor sometime anddefoliationby the CSM hasreducedyrowth even
further

The effect of the defoliation on current annual radial incrementrangedfrom an
estimatedreductionof 40% in 1955to 76% in 1985and 7% in 1998, with an average
of 11%overthe outbreakperiodof 50 years.

Following defoliation, dendrochronologicabnalysesrevealed the percent growth
reductionin the ring width at different stemheights. The time lag betweenthe initial
defoliationandthe rst growth lossobsered asreducedradialincrementhasbeenfound
to rangefrom zeroto 5 years.Thereductionstartsin the crovn andcontinueswith adelay
of afew yearsat the stembaseof trees(13). A similar one-yeaiag effect wasdescribed
for cedardefoliatedby CSM (Fig. 4f).

Radial growth and drought Whennonhostcedartreesaresampledn nearbysitesand
their ring seriesexaminedin comparisonwith the host cedartrees, effects of climatic
variation can be distinguishedfrom the host-speci c defoliation effects. Independently
derivedtreering reconstructiorof De Martonnes drynessindex from nonhostcedartrees
shaws that, over the past50 years,CSM outbreaksggenerallycoincidedwith dry periods,
whereadow CSM populationlevels correspondedo wet periods(Fig. 5). Defoliation
by the CSM anddroughtin 1955,1985and 1998 led to reducedgrowth. From 1955to
1985, hostand nonhostcedarshav very similar grovth patterns(Fig. 5). After 1985,
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thetwo groupsshaved a similar pattern,althoughafter 1986 growth in the nonhostgroup
washigherthanin thehostgroup.Beginningin 1998, however, adifferentpatternremeged.
Fromthatpointon,thehostcedamgroupchronologydeclinessteeplyresultingin 3 yearsof

very low radialgrowth, in 1999,2000and2001. Theseyearscoincidewith CSM outbreak
andseveredroughtin this region. We concludethatthe ecologicalrole of the CSMis an

importantcisruptive effectin thewesternMediterranearcedarforests.

The coefcients of correlation(r) betweerDe Martonnes drynesscoefcient andring
width index for hostand nonhostcedarsampleplot groupswere found to be +0.01and
-0.18, respectiely. The very low r (absolute)calculatedfor the CSM outbreakstands
suggestghat the CSM alteredcedarradial growth. In the absencef the CSM, the near
unity of slopesandhigherr showv thathostandnonhostcedarof similar dominanceand
sizearealsosimilarin radialgrowth pattern.

Extremecold or drought episodesmay have causedsome of the obsered growth
changes. Past droughtshave contrituted to CSM outbreaks. However, cold winter
temperaturesankill CSMlarvaeandcool springtemperaturesanresultin poorsynchrory
betweerlarval populationsandhostplantdevelopment(4,15).

Waterde cits modify both incrementand earlywood—latevood production,andinas-
much as defoliation resemblesvater de cits by reducingleaf area,the effect would be
similar. Earlywood production precedesdefoliation by the CSM; thus, the effect of
defoliation would be manifestedn latevood production. Increasesn the proportionof
earlywood correspondwith the defoliation periodsandthe lossin total increment. We
concludedthat a narrav latewood bandis a signi cant indicator of defoliation by the
CSM. Speeret al. (21) also demonstratedhat defoliation reducedlatenood formation.
In additionto the parameterdasedon total ring width variations,we visually con rmed
thetiming of identi ed outbreakdy scrutinizingthe datedtreering specimensThe total
ring width wastypically reducedduring the rst year(andcontinuedfor a few years)of
heary defoliationandthelatevoodwasvery thin or lighter in color thanlatevood formed
duringyearswithout defoliation(Fig. 4).

Developing accuratelydatedlong-termhostand nonhosttree ring chronologiesalso
could identify trendsin frequeng, extent, duration and severity of outbreaks. This
information might prove usefulin re ning simulationsand models,aswell as providing
datafor ecologicalstudiesof the relationsbetweenCSM outbreaksstanddensity species
diversity, site history ( re controlandlogging)andclimatic events.
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