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Growth Lossof LebanonCedar (Cedruslibani) Standsas
Relatedto Periodic Outbr eaksof the Cedar ShootMoth

(Dichelia cedricola)

SerdarCarus1 andMustafaAvc�2

An outbreakof Dichelia cedricola (Diakonoff) (Lep.: Tortricidae), the cedarshootmoth
(CSM),beganin spring1998andlasted3 years.Thiswasthe�rst monitoredoutbreakof the
CSM in Isparta,Turkey. Treecrowns recoveredto nearnormalconditionby the middle of
eachgrowing season(in earlyJune)during theoutbreak.Treevolumeandvolumeelement
incrementswereexaminedthroughoutthe outbreakcycle from 1954to 2001. In the past,
CSM activity in standsof Lebanoncedar(Cedruslibani A. Rich.) was assessedthrough
radial incrementanalyses.Cedartreering chronologieswereanalyzedfor evidenceof the
CSM.Tree-ringchronologiesfrom nonhostcedar(nondefoliatedsampletrees)wereusedto
estimatepotentialgrowth in thehostcedar(defoliatedsampletrees)duringcurrentandpast
outbreaks;all treesselectedwerethesamesubspeciesandvarieties.Regionaloutbreaksof
theCSM wereidenti�ed by synchronousandsustainedgrowth periodsof thetrees.In 2001,
incrementcoreswerecollectedfrom 17 hostand16 nonhostdominantor codominanttrees
andannualradialgrowth indicesfrom 1954–2001werecalculatedfor eachof two hostand
two nonhostsampleplots. Growth functionswerede�ned asthecumulative sumof radial,
height,andvolumeincrement,andweregraphicallycomparedbetweenCSMhostcedarand
nonhostcedartrees.Treering evidencesuggeststhata large-scaleoutbreakoccurredin 1955
(from 1955to 1966)anda smalloutbreakoccurredin 1985(1985–1990)andin 1998(1998-
continued)in the studyarea. The averagediametergrowth reductionsaround1955,1985
and1998were40%,46%and7% of potential,respectively. It wasconcludedthata narrow
latewood bandis signi�cant indicatorof defoliationby the CSM andthe outbreaksappear
to beassociatedwith dry winter andspringweatherprior to theautumnandwinter in which
woodfeedingoccurred.
KEY WORDS: Lebanoncedar;Dichelia cedricola; growth loss; tree ring analysis;den-
drochronology.

INTRODUCTION

The widest naturaldistribution of cedar(Cedruslibani A. Rich.), one of the most
importantforest treesof Turkey, is in the TaurusMountainsof Turkey, with a total area
of approximately336,000ha. Cedaris signi�cant from the historical,cultural, aesthetic,
scienti�c and economicaspects(2,3,9). It grows in Mediterraneanmountainclimates,
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generallybetween800 and 2100 m elevation (9), and hasdistinct ring boundaries. Its
ageis known to reachup to 500years.

Insectoutbreaksareoneof the major disturbancesaffecting the forests. Defoliation
of hostspeciesby insectshasa signi�cant in�uence on foreststanddynamicsby reducing
treegrowth, increasingtreemortality, andalteringspeciescomposition(5). Insectdamage
causesa 3% reductionin annualwood growth (2). The amountof insectdamagewas
determinedto average221,909m3 duringtheyears1997to 2000in Turkishforests.

Outbreaksof Dichelia cedricola(Diakonoff) (Lep.: Tortricidae),thecedarshootmoth
(CSM), in cedarforestswere�rst detectedin thispartof thewesternMediterraneanregion
of Turkey in 1998(3). The insecthasa one-yearlife cycle. Eggshatchin Augustand
new larvaefeeduntil cold weatherbeginsin lateautumn.TheCSM overwintersasyoung
larvae,which in latespringresumefeedingon theneedlesat thetipsof branches,reaching
up to 1.2 cm in lengthby summer. The heaviest defoliationoccursfrom March to June.
The larvaespin cottonlike webswhenthey areactive, andthe damagedpartsof the tree
with deadagglutinatedneedlesremainlongafterthefeedingperiod(3).

A ring producedin a particularyear is a function of several interrelatedbiological,
physical, stand,and climatic factors. Becauseour main objective was to understandor
evaluatethe effect of defoliationon growth, factorsthat affectedthe width of an annual
ring producedin a givenyearandthatwerenot relatedto defoliation,wereremovedfrom
thering width series.Dendroecologicalmethods(10) allow oneto accountfor abioticand
biotic conditionsthataffectannualradialgrowth in trees,suchasclimateandtreeage,and
thenisolatethecontribution of a singlefactor, suchasinsectdefoliation,to radialgrowth.
Several recentNorth Americanstudieshave useddendroecologicalanalysisto investigate
theeffectsof defoliatinginsectson radialgrowth (6,14,16,17,20-22).

The cedarstandin the studyareais divided into two equalsectionsby the Karuçan
stream. The currentsevereCSM outbreakthat began in the spring of 1998 was absent
on the easternside of the Karuçan stream. According to forestry of�cials, periodic
outbreakshave beenpermanentlypresentin the westernpart of the region since1985.
Furthermore,personalcommunicationwith old residentsin this region indicated that
periodicoutbreaksof CSMoccurredrepeatedlybefore1985andtheredwoodant(Formica
rufa L.) (Hym.:Formicidae)hasexistedfor long periods.This resultmayberelatedto the
occurrenceof theredwoodant in theeasternpartof thestudyarea(nonhostcedarsample
plots2 and4). CSM densitywassurprisinglychangedby theredwoodant. Two andthree
nestsof redwood antswere found in the nonhostcedarplots no. 2 and4, respectively.
F. rufa feedsespeciallyon CSM larvae,eggsandpupae(3). An averagesizedcolony of
Formicapolyctenahasbeenfoundto consumeabout6.1million insectsin a season(18).

In orderto analyzethe impactof CSM outbreaks,we determinedthatsampletreesin
the easternsectionwerenot host treesin the years1985and1998and that the western
sectionof Karuçanstreamcontainedhosttrees.Amongtreesselectedashostandnonhost
cedarin the sampleplots, it wasdeterminedthat they werenot a differentsubspeciesor
variety. Sampleplots 1 and3 (host)and2 and4 (nonhost)consistedof pole andsmall-
saw log-sizedtreeswhenthiscurrentoutbreakwasdetected.Thefour plots,symmetrically
locatedto theKaruçanstreamin � 6-hastands,wereselectedasbaselinein orderto ensure
similar stand,edaphic,climaticandphysiographiccharacteristics.

Our assumptionis thathostandnonhostcedartreeswithin anuncutstandhavesimilar
radial growth 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 undefoliatedcedarsthatarein thesameregion. However, pastCSMactivity
would causedifferent radial growth patterns,andthereforethe periodof activity canbe
detectedandmeasured.Thispaperdescribesamethodto estimatetheoccurrence,intensity
andpotentialhazardof pastCSM outbreaksin this regiondominatedby cedarforest(� 70
yearsof age)of the westernMediterraneanregion of Turkey. Our �rst objective was to
analyzetheimpactof CSMon theradial,heightandstemvolumegrowth of thehostcedar
thatsurvivedthelastoutbreak.Our secondobjective wasto detectperiodicityof theCSM
outbreaks.

MATERIALS AND METHODS

Study area Thestudyareawaslocatedin thewesternMediterraneanregion of Turkey,
which is approximately40 km from Isparta. It is at 38� 05'N, 30� 42'E, averageslope
23� , predominantlynorth-facingaspect,� 1575m altitude,and� 1223ha in size. The
studyareais foundoncalcareousformationsof Eoceneage.Thesoil variesfrom shallow to
mediumto medium-deep,andis generallystony. However, many cracksbetweenlimestone
blockscontain�ne soil andcreateaphysiologicallydeepsoil (9).

Climate data Mean monthly and annualtemperatureand rainfall data for the period
1929–2001were obtainedfrom the IspartaMeteorologicalStation. In the study area,
the 685 mm (meanannual)precipitationfalls mainly from OctoberthroughMay. There
wasgreatdeviation in thedistributionandamountof precipitationduringtheinvestigation
period. This region is in the transitionalzonebetweentheMediterraneanclimateandthe
continentalclimatewith colderwintersandhottersummers.Meanannualtemperatureis
9.1� C. In accordancewith De Martonne's drynesscoef�cient (I=25.87),thestudyareais
de�ned ashumid.

Study measurementsand analysis The studystandsarethe resultof naturalregener-
ation in 1930. In 1998, the outbreakbegan in the cedarstand,and partial defoliation
occurredin 2001.Four sampleplotslocatedin natural,undisturbed,middle-aged(of even
age)standsof cedarwereselectedfor studyduringtheautumnmonthsof 2001.Increment
coreswerecollectedfrom treesat four locations(plots) in the studyarea. Two of these
plots(nos.1 and3) hadbeenheavily defoliatedsince1955andtwo (nos.2 and4) hadno
previousrecordof CSMactivity (3). Habitatcharacteristicsof thesefour baselinesampling
plots were assumedto be similar. The chosenapproachwas basedon the assumption
that, if nonhostandhosttreesrespondedin a similar mannerto climatic variations,then
the differencesbetweenstandardizedring chronologiesof nonhostandhost treeswould
primarily re�ect nonclimaticenvironmentalvariations,suchas the effects of the CSM
(4,5,15,22).

All treeswithin the plots were identi�ed, height and diameterwere measured,and
defoliationswereevaluated.Theageof 25–30sampletreesalsowasrecordedto allow an
estimationof site quality (productivity). Treediameterand informationon the presence
or absenceof CSM attacks,crown form, defects,anddiseaseswererecorded.Treesin the
sampleplot providedthegrowth informationandwerethebasisfor basalareaanddiameter
growth statementsfor the 0.1-haplot. Treevolumewascalculatedusinga double-entry
volumetableof cedar(9).
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Collection and measurement of increment cores In the autumnof 2001, increment
coreswere taken from 17 dominantandcodominanthostcedarsand from 16 dominant
andcodominantnonhostcedartrees.Incrementcoreswereextractedat breastheightfrom
oppositesidesof eachsampletreeparallelto thetopographiccontour. Coreswereinserted
into labeledplastic straws that were thermally sealedto prevent moistureloss and kept
frozenuntil they weremeasured(Table1). Using a stereomicroscope,annualincrement
wascross-dated(10)andmeasuredin mm(0.01mmprecision)oneachcorefor theperiod
1944–2001.Theageof thetree(atbreastheight)wasalsorecorded.

TABLE 1. Sitedescriptionandcharacteristicsof incrementcores

Plotno. and
type

Altitude (m) Slope
(� )

Increment
cores(no.)

Mean(range)
ageof rings
(years)

Standard
deviation
(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 theARSTAN andCOFECHAprograms

CedarGroups Nonhost Host
Chronologytype Standard Standard
Mean 1.0000 1.0000
Median 0.9979 1.0250
Meansensitivity 0.1025 0.1194
Standarddeviation 0.1964 0.2098
Skewness -0.7060 -1.8761
Kurtosis 0.0362 3.1510
Autocorrelationorder1 0.8183*** 0.8093***
Partial autocorr. order2 0.1202 -0.2577
Partial autocorr. order3 -0.2235 -0.4149
Seriesintercorrelation 0.6373*** 0.6267***
Averagemeansensitivity 0.1082 0.1354

*** Signi�canceat 99%con�dencelevel.

Two dominantcedarhosttreesin plots1 (T1) and3 (T3) andonenonhostcedarin plot
2 (T2) werecut. Stemdisksweretaken 0 m, 0.3 m, 1.3 m andat every meterstarting1
m from the top of the trees.After sanding,ring widths of the stemdisksweremeasured
with aprecisionof 0.01mmalongfour radii (cardinalpoints).Thetotal stemheightof the
treeswasdividedinto threeequalsections:lower, middleandupper. Thelower andupper
sectionsof thetreestemarepresented,to demonstratetheoutbreakbetter(12,13,19).
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Fig. 1. Developmentaltrendof diameter, heightandvolumeassociatedwith theageof thehost(plots
1 and3) andnonhost(plot 2) cedarsampletrees.T1, plot 1; T2, plot 2; T3, plot 3.
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Fig. 2. Comparisonof treering width indicesandcorrectedindiceswith thehostandnonhostcedar
sampleplot groups.

Dendrochronological analysis Ring widths weremeasuredat the Faculty of Forestry
of SüleymanDemirelUniversitysoonafter thecoreswereextracted.All coresconsisted
of approximately50 annualgrowth rings, the mostreliablechronologiesexisting for the
yearsfrom 1944 to 2001. We graphicallycross-datedeachseriesandeliminatedseries
thatmay have hadmissingrings. The programCOFECHAwasusedto verify thecross-
dating (11) and correctionswere madewhen necessary. The raw tree ring serieswere
standardizedusingARSTAN to correctfor age-relatedgrowth trendand to producethe
�nal index chronologies(8). Wechoseto useanegativeexponentialor astraightline with a
50%cutoff wavelengthto standardizetheseries.Thiscalculationtransformsringwidth into
dimensionlessindex values.Thestandardchronologywasusedasaresponsevariablein the
analysisof growth in relationto defoliation.A standardchronologyis mostcommonlyused
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Fig. 3. Averagestandardizedradial incrementfor thehost(plots1 and3) andnonhost(plot 2) cedar
sampletrees.T1, plot 1; T2, plot 2; T3, plot 3.

in treering research(6,14,16,17,21).Thiskind of transformationis calledstandardization,
and its purposeis to remove long-termtrendsor low-frequency variancefrom the tree
ring series. Standardizationeliminatedthe effect of individual treeage(positionwithin
thestem)andresultedin a seriesthat representedthe relative amountof growth for each
year. Two cedarchronologygroupswerecreated:thehostgroupandthenonhostgroup.
Standardizedring widthswereusedfor analysisof defoliationeffects;averageswereused
in eachsampleplot. Theresultsof theprogramsARSTAN andCOFECHAarepresentedin
Table2. Theseresultsindicatedthatthestandardchronologieswerefoundto bestatistically
signi�cant in thenonhostandhostcedargroups,andthereforeit canbeconcludedthatthe
resultsarereliablefor comparisonbetweenplots.

The percentreduction in the tree-ring index associatedwith CSM outbreakswas
calculatedfor hostcedartrees.CSMoutbreakscausegrowth lossandsometimesmortality
to cedartrees(3). Spring 1998 was the beginning of a CSM outbreak. The extreme
droughtthatyearweakenedandplacedthecedartreesunderstress.In 1998,DeMartonne's
drynesscoef�cient andtotal monthlyprecipitationwere15.38(semi-humid)and312mm,
respectively.

RESULTS

Stand growth Sampleplot averagesindicated that defoliation negatively in�uenced
growth of cedar(Table 3). The quadraticmeandiameterfor host and nonhostsample
plotswas195.72mmand190.96mm,respectively, in spring1998.Meandiametergrowth
of host sampleplots was 1.05 cm for 3 years,whereasmeandiametersin the nonhost
sampleplotsgrew 1.08cm (Table3). Meandiameterincreasedin hostsampleplots,even
thosewith CSM-causedtreemortality. Averagegrowth valuesof hostpercentagefor basal
area,stemvolumeandtopheightwere-8%,-15%and-10%,respectively. Averagegrowth
incrementvaluesfor basalareaandvolumewere-31% and-26%, respectively. Average
top heights(Hdom ) for hostandnonhostsampleplot groupswere13.28m and14.82m,
respectively. Basalareasfor hostandnonhostsampleplot groupswere30.95m2 ha� 1 and
33.50m2 ha� 1, respectively. Standvolumesfor hostandnonhostsampleplot groupswere
183.30m3 ha� 1 and215.49m3 ha� 1, respectively (Table3).
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Fig.4. Photographsof thin latewoodduringtheinitial yearof defoliationfor themostrecentoutbreak
(1998,aandb); thin latewood(1985)andsubsequentreducedgrowth (arrows)in the1985outbreak(c
andd); andin the�rst severeoutbreak(1955;e,nonhostsince1966,andf). Oneyearafterdefoliation,
thereactionatcrown level (discat9.3m heightof hosttreesin plot 3) wasmoreintensive thanat the
stembase.Left-handphotos,nonhostcedar;right-handphotos,hostcedar.

Indi vidual tr eegrowth Radial growth: Cedartreeswererelatively young,with fewer
than 60 tree rings at coring height. Therewas an abruptgrowth reductionstartingat
25 (1955), 55 (1985) and 68 (1998) yearsof age, lasting between12, 6 and 4 years,
respectively (Fig. 1). Theaverageannualring width of cedarwaslessduringtheoutbreak
thanbeforeandaftertheoutbreak,indicatingatemporarydeclinein growth dueto intensive
CSMfeeding(Table4).

Diametergrowth of hostcedarwascomparedwith that of nonhostcedartreesin the
outbreak.Ratiosof annualdiameterincrementsfor nonhosttreesto hosttreesincreased
sharplyaftertheoutbreak.For example,for the1998outbreak,annualdiameterincrements
of sampletreeswerereducedby 3%in the�rst growing seasonafterdefoliation(1999),4%
in thesecondyearafterdefoliation(2000),and21%aftertheseconddefoliation(2001).

Height and volume growth: After severe defoliation by the CSM, including bud
destruction,host cedartreesreactwith proli�c epicormicshootproduction. Periodsof
moderateto severeCSM outbreaksmaybedetected(Fig. 1). Thechangedwidth growth
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Fig. 5. Comparisonof DeMartonne'sdrynessindex andradialgrowth reduction(%) for thehostand
nonhostcedarsampleplot groups.

of thenonhosttreesduringperiodsof incrementdeclinein hostsmaybe usedasanother
indicatorof a CSM outbreak.Defoliationof hostsin plots1 and3 would, however, result
in increasednutrients,thusenhancinggrowth of hostsandexplainingthepositive relation
betweenplot-level defoliationmorethanradialgrowth nonhostin plots2 and4 overa few
yearsof outbreak(Table3 andFig. 1). Growth reductionin 1955,1985and1998for height
was-23%,-76%and-49%,respectively, andthat for volumewas-12%,-31%and-22%,
respectively (Fig. 1).

In eachplot theaveragediameterandheightincrementof a hostcedartreewas+2%
(with CSM-causedtreemortality dueto a thinning effect) and–8%, respectively, with a
decreasein volumeincrementof � 3%(Table3).

Growth lossesand indexing CSM activity thr ough radial increment analysis Com-
paringhostandnonhostchronologies:Thestudyareafor developmentof diameter, height
andvolumegrowth andits growth curvesindicatedthatgrowth of sampletreeshadbeen
reducedin thepast,presumablyby theCSM. Defoliationof cedargenerallyresultedin a
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TABLE 3. Standcharacteristicsof thehostandnonhostsampleplots

Sample
plot
no.

Individual tree(meanbasalarea) Stand

d
(mm)

h (m) v (m3 ) G (Ig)
(m2

ha� 1 )

V (Iv)
(m3

ha� 1 )

N
(stem
ha� 1 )

Hdom
(m)

T (yrs) SQz

(m)

1 186.78 9.76 0.16 27.67
(0.643)y

160.90
(4.787)

1010 13.00 59 16.88

2 194.48 10.81 0.18 32.67
(0.822)

197.43
(6.600)

1100 13.89 52 19.43

3 224.77 11.52 0.24 34.22
(0.964)

205.70
(7.176)

850 13.56 53 18.76

4 209.12 12.39 0.23 34.33
(1.569)

233.54
(9.463)

1000 15.75 55 21.29

Meansof hostandnonhostsampleplot groups
Host
(1 and
3)

205.77 10.64 0.20 30.95
(0.822)

183.30
(5.982)

930 13.28 56 17.82

Nonhost
(2 and
4)

201.80 11.60 0.21 33.50
(1.196)

215.49
(8.032)

1050 14.82 54 20.36

Host
percentagex

+2 -8 -3 -8
(-31)

-15
(-26)

-11 -10 -12

d, diameter;h, height;v, volume;G, basalareaha� 1 ; V, volumeha� 1 ; N, numberof treesha� 1 ; Hdom , top
heightof stand;T, ageof stand;SQ=sitequality.
z Sitequality (topheightof standfor 100-yearage),SiteclassI: 30-34m; II: 25-29m; III: 20-24m; IV: 15-19m;
andV: 10-14m.
y In parentheses,periodicmeanincrement(from 1998to 2001)of stand.
x HostPercentage= ( H � N H )

N H � 100, whereH is hostandNH is nonhost.H andNH arefor individual treesand
standof thevolumeandvolumeelements:d, h, v, G, Ig, V, Iv, N, Hdom andSQ.

TABLE 4. Summarystatisticsanda one-way analysisof variancecomparingstandardchronologies
in thehostandnonhostsampleplots

Groups Sample
size

Sum Average Variance

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
Sourceof Variation Sumof

squares
df Mean

squares
F P-value F crit

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 incrementassociatedwith CSM
defoliationoccurredduringtheperiod1985–1990.In Figure2, thehatchedareasindicate
wherethe outbreaksweremostevident. Tree ring recordssuggestedthat the outbreaks
recurperiodicallyevery 15–30yearson average,during which rings generallyexhibited
a patternof alternatingwide andnarrow increments.A peakreductionin cedargrowth
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occurredat intervalsof � 16years,in 1961,1987,and2001.
Analysisof variancewasusedto examinethedifferencesbetweenstandardchronolo-

gieswithin hostandnonhostcedarsampleplot groups(7). Tables4 and5 show theresults
of ANOVA, which indicatethat for eachsampleplot and for eachhost–nonhostgroup,
therewerenostatisticallysigni�cant differencesamongthestandardchronologies.

TABLE 5. Summarystatisticsanda one-way analysisof variancecomparingstandardchronologies
in thehostandnonhostcedargroups

Groups Sample
size

Sum Average Variance

Host(Sampleplot 1+3) 48 49.289 1.027 0.058
Nonhost(Sampleplot 2+4) 48 46.261 0.964 0.036
ANOVA
Sourceof Variation Sumof

squares
df Mean

squares
F P-value F crit

Amonggroups 0.096 1 0.096 2.053 0.155 3.942
Within groups 4.374 94 0.047
Total 4.470 95

After measuringandmatchingindividual chronologies,a masterchronologyof cedar
wasconstructedfor eachgroup(Fig. 2). Thenonhostcedartreesmighthavebeendamaged
by CSMduringpastoutbreaks.BasedonFigure3,wecanreachtheconclusionthatalarge-
scaleoutbreakmight have occurredin 1955andaffectedthewholestudyareauntil 1966.
The presentnonhostgroupshave more likely preserved their ring-width characteristics
duringtheperiod1966–1985.

Thehosttreering-width chronologiesshowedlower meansensitivity thanthenonhost
trees.Meansensitivity of thenonhostcedarchronologywasfoundto be0.103,indicating
a low responseto climatic factors.This �nding indicatesthatcedartreesproducedregular
annual ring widths, and low meansensitivity revealed relatively low variation in the
chronology, sinceclimatic conditionshave a minimal effect on ring widths when trees
haveamplemoisture.Low growth in theprecedingyear(t–1)wasa limiting factorfor tree
ring widths(Table2).

Outbreakswere evident as low growth indices in the host series that were not
apparentin the nonhostseries(Fig. 2). The graphical comparisonof the host and
nonhostchronologiesshouldprovidesomeevidencethatCSMshavecausedradialgrowth
reductionin the hosttrees.Host trees,however, may alsohave beenrespondingto other
environmentalfactors,suchasdrought,whichmayhavecausedgrowth reduction.Equation
1 correctsahosttreechronologyby �rst scalingresidualsfrom thecontrolsitechronology
to the samevarianceasthe host-treechronologyto be corrected.Thesescaledresiduals
arecalledthe`predictedresidualindices' (PRI).ThePRIsarethensimplysubtractedfrom
the host-treeindicesto producethe `correctedindices' (CI). The purposeof the CI is to
remove the host-treering chronologies'environmentaleffectscommonto both hostand
nonhostchronologies,so that morepreciseestimatesof growth reductioncanbe derived
from thecorrectedhostseries.Thecorrectedseries(Eqs.1 and2 andFig. 2) wereusedto
identify thetiming of outbreaks,thedurationof CSM-inducedlow growth periods,andthe
maximumannualandperiodicradialgrowth losses(22). Subtractingthecorrectedindices
duringoutbreaksfrom thepotentialgrowth value(1.0)andmultiplying by 100derivedthe
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latter two values.Thus,theradialgrowth reductionvaluesareexpressedin relative terms
asapercentageof expectedgrowth.

PRI =
SDEV (H )

SDEV (N H )
(I N DEX (N H ) � M EAN (N H )); and (1)

CI = I N DEX (H ) � PRI (2)

SDEV (H) and SDEV (NH) are the standarddeviations for the host and nonhost
series,INDEX (H) andINDEX (NH) areeachindex valueof thehostandnonhostseries,
respectively, andMEAN (NH) is themeanof thenonhostseries(� 1.0).

For all sampleplots, the collectedincrementcoresweresuccessfullycross-datedand
consequentlywere included in the tree ring analysis. Mean correlation of all cores
with their masterchronologywas > 0.5. The numberof coresincludedin sampleplot
chronologieswasbetween8 and9, andstartingdatesrangedfrom 1944to 2001(Table1).
Samplesizeincreasedsteeplyin 1954.

Measuresof growth reduction: The correctedhost-treeindices(Eq. 2) canbe used
in many waysto quantify CSM-inducedgrowth reduction. Measuringthe radial, height
and volume of growth reductionduring an outbreakwas done in order to determine
the maximum growth reduction for one year and to calculatethe radial, height and
volumeperiodicmeangrowth reduction.Eachof thegrowth reductionmeasurementswas
convertedto percentreductionfrom expectedgrowth by multiplying thecomputedvalues
by 100.

Treeswith ahighCSMpopulationduringtheperiod1998–2001lost100%of theleader
needlesaswell astheneedlesof theupperwhorl branches.By themiddleof thegrowing
season,the length of new shootsproducedat thesepositionswas reducedsigni�cantly.
Shootsin thelower canopy werelessseverelydamagedandnew shootsat thesepositions
showedlittle or nogrowth reduction.Leaderandheightgrowth werereducedimmediately
becauseof bud feedingby theCSM; severedefoliationtook placeearlyin theyear, before
or duringshootextension.

Responseto drought: Our climatic datashow that growth of cedartreesin the study
areawas most strongly correlatedwith below-averagetemperaturesand above-average
precipitationin the precedingyear (from Octoberto December). A tendency towards
negativecorrelationof growth with precipitationof thecurrentspringatsomeof thehigher
elevationsitesmayre�ect earliersnowmeltand,hence,a longergrowing season.

Treesonhostandnonhostsampleplotsrespondedto a severedrought,whichoccurred
over theperiod1998–2001,with asubstantialdecreasein annualradialincrement(Fig. 4).
Not only wastotalannualprecipitationwell below averagefor theseyears,but alsothetotal
numberof daysin thegrowing seasonwaslow aswell. Theobserveddecreasein growth
began in 1999 and reacheda minimum in 2001. In 1986, when a similar precipitation
de�cit occurred,the correspondingdecreasein radial incrementwasasgreatas in 1987
(Fig. 4).

The 2000 ring was half the size of a normal ring and had very thin latewood; the
latewood was thinner than normal throughoutthe entire period of growth reduction. A
gradualreturnto thepre-outbreakgrowth rateoccurredduring theyears1985–1990(Fig.
4). Thispatternwasrepeatedwith eachoutbreak.

Theheightincrementgrowth patternfor cedarapproximateda sigmoidcurve (Fig. 1),
whereasradial incrementgrowth patternsshowed sharpdeclinesin growth in 1985and

44 S.CarusandM. Avc�



1990,suggestingthatheightincrementwaslesssensitive thanradial incrementto year-to-
yearvariationsin precipitation.Therewasa declinein heightincrementthe �rst yearof
thedroughtandthenarecoveryin thepeakdroughtyearof 1986.Furthermore,therelative
magnitudeof thedeclinein heightincrementwasproportionatelymorethanthatfor radial
increment(-60%and-41%,respectively).

In 1986,morethan59% of the host treeshad42% reducedradial growth relative to
the growth in the previous year, whereasonly 8% of the nonhosttreeshadsuchgrowth
reduction. In 1986, a larger numberof both host and nonhosttreesshowed a growth
reduction. It is possiblethat the adverseweatherin 1986alsoplayeda role in reducing
insectactivity. Extensive defoliation was observed in 1998. The ring width of cedar
decreaseddramaticallyin the yearfollowing the defoliation. In 1999,4% of cedartrees
had6.5%reducedradialgrowth relative to thegrowth in thepreviousyear. Radialgrowth
in defoliatedtreeswasminimal for 2000. However, this patternwasnot observed in the
nonhosttreesfor thesametime intervals.Themagnitudeof thedamagevariedfrom treeto
tree(Fig. 3).

Cumulativegrowth function (CGF): Non-signi�cant differenceswere observed be-
tween CGF graphsof cedar from the CSM-free stands(Fig. 1). However, obvious
negative departuresof the host cedarcurve relative to nonhostcedaroccurredin the
stands.In�ections of thehostcurve correspondcloselyto theknown occurrencesof CSM
outbreaksin thestand,andpresumablyrepresentthegrowth-retardingin�uence of CSMat
thetime.

In the spring, larvae of the CSM feed on buds and foliage of cedartrees. Severe
outbreaksby theCSMhavebeenreportedto kill theterminalbudsof cedartreesandcause
their stemsto fork (3). All studieswhich lastedfor morethanoneyearshowedthatleader
lengthswerealsoreducedin thesecondseasonafterdefoliation,whenCSMswerescarce,
andthatin generalheightincrementsof cedartreeswerelikely to bereducedfor 2–3years
afteranattack(Fig. 1).

Stemanalysisof two hostcedar(plots 1 and3) andonenonhostcedar(plot 2) trees
indicateda growth decreasebeginning in theuppersectionof thestem,correspondingto
the �rst yearof a severeinsectdefoliation. Furthermore,afterdefoliation,the reactionat
thecrown level wasmoreintensethanat thestembase(Fig. 4f). Radialgrowth reduction
occurredoneyearafterthedefoliation,suggestingthatthestoredphotosynthatesfrom the
previousyearplayakey role in thecambialactivity in a givenyear(1).

The maximumgrowth reductionfor oneyear andperiodicaveragediametergrowth
reductionsaround1955,1985and1998were20%and40%,76%and46%,and21%and
7%of potentialgrowth, respectively.

In summary, the responseof tree ring growth to observed defoliationsuggestedthat
CSMoutbreakscausedgrowth reductionin 1955,1985and1998,andanalternatingpattern
of narrow treeringsfor a few yearsis characteristicof theCSM(Fig. 4).

DISCUSSION

Defoliation estimateswere comparablebetweenthe host cedar(plots 1 and 3) and
nonhostcedar(plots2 and4) treesandre�ectedCSM populationsin outbreakyears,with
a steepdeclinein populationswithin a few yearsfollowing extensive defoliation. There
was a sharpdecline in the growth incrementof host cedarduring and directly after a
CSM outbreak(in 1955, 1985 and 1998 year) (Figs. 1 and 2). In contrast,growth of
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nonhostcedardeclinedonly slightly during the outbreakand increasedsigni�cantly in
post-outbreakyears.A recoveryperiodfor ring widthsto pre-outbreaklevelsshouldlast6
to 12years.

In this studywe have shown thatCSM defoliationnegatively in�uencesradial,height
andvolumeincrementin hosts,irrespectiveof thequalityof thathost.Incrementreduction
occurredduringtheyearof defoliation,anddecreasedgrowth is notedin theyearfollowing
defoliation. Our analysisindicatesthat both currentand the previous year's defoliation
affectedgrowth (Fig. 4).

Immediate effect on height growth The immediate(short-termeffect) reduction in
leaderlengthonthedefoliatedtreesin 2001is indicativeof damageor disruptionof growth
beforeor at thetime of shootextension.Thegrowth lossis mostlikely relatedto a direct
effectof bud feedingby CSM.

Delayed effects on diameter and volume increment A reduction in diameterand
volumeincrementin theyearafterdefoliationmayoccurin responseto defoliationearly
in the seasonof the previous year. In this caselarger growth lossesarealsoseenin the
yearof damage,or in responseto defoliationlate in the previousseasonafter growth for
thatyearhasterminated.In the latterscenario,thereis no effect on incrementin theyear
of damage.In bothsituations,heightanddiameterincrementstendto bereducedby equal
amounts.The delayedresponsein diameterandvolumeincrements,without an effect in
1998,andtheanalogousreductionandrecoveryin heightincrementin thesecondandthird
years,suggestthattheselaterincrementreductionsarerelatedto thelossof needlesin late
summerandautumnaftertheepidemic.

We estimatedthat several yearswould passbeforeseverely defoliatedtreesregained
theirnormalgrowth rate(Figs.1–3).Nevertheless,if thealternategrowth rhythmshowsup
in quiteafew hosttreesbut not in nonhosttrees,it is mostlikely thatsuchgrowth rhythmis
causedby defoliationby theCSM. Theongoingdroughthasresultedin low standgrowth
ratesin thestudyareafor sometime anddefoliationby theCSM hasreducedgrowth even
further.

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

Following defoliation, dendrochronologicalanalysesrevealed the percent growth
reductionin the ring width at different stemheights. The time lag betweenthe initial
defoliationandthe �rst growth lossobservedasreducedradial incrementhasbeenfound
to rangefrom zeroto 5 years.Thereductionstartsin thecrown andcontinueswith adelay
of a few yearsat thestembaseof trees(13). A similar one-yearlag effect wasdescribed
for cedardefoliatedby CSM(Fig. 4f).

Radial growth and drought Whennonhostcedartreesaresampledin nearbysitesand
their ring seriesexaminedin comparisonwith the host cedartrees,effects of climatic
variation can be distinguishedfrom the host-speci�cdefoliation effects. Independently
derivedtreering reconstructionof De Martonne's drynessindex from nonhostcedartrees
shows that,over the past50 years,CSM outbreaksgenerallycoincidedwith dry periods,
whereaslow CSM populationlevels correspondedto wet periods(Fig. 5). Defoliation
by the CSM anddroughtin 1955,1985and1998led to reducedgrowth. From 1955to
1985, host and nonhostcedarshow very similar growth patterns(Fig. 5). After 1985,
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thetwo groupsshoweda similar pattern,althoughafter1986growth in thenonhostgroup
washigherthanin thehostgroup.Beginningin 1998,however, adifferentpatternemerged.
Fromthatpointon,thehostcedargroupchronologydeclinessteeply, resultingin 3 yearsof
very low radialgrowth, in 1999,2000and2001.Theseyearscoincidewith CSMoutbreak
andseveredroughtin this region. We concludethat theecologicalrole of theCSM is an
importantcisruptiveeffect in thewesternMediterraneancedarforests.

Thecoef�cients of correlation(r) betweenDe Martonne's drynesscoef�cient andring
width index for hostandnonhostcedarsampleplot groupswere found to be +0.01and
-0.18, respectively. The very low r (absolute)calculatedfor the CSM outbreakstands
suggeststhat the CSM alteredcedarradial growth. In the absenceof the CSM, the near
unity of slopesandhigherr show that hostandnonhostcedarof similar dominanceand
sizearealsosimilar in radialgrowth pattern.

Extremecold or drought episodesmay have causedsomeof the observed growth
changes. Past droughtshave contributed to CSM outbreaks. However, cold winter
temperaturescankill CSMlarvaeandcoolspringtemperaturescanresultin poorsynchrony
betweenlarval populationsandhostplantdevelopment(4,15).

Waterde�cits modify both incrementandearlywood–latewood production,andinas-
much as defoliation resembleswater de�cits by reducingleaf area,the effect would be
similar. Earlywood productionprecedesdefoliation by the CSM; thus, the effect of
defoliationwould be manifestedin latewood production. Increasesin the proportionof
earlywood correspondwith the defoliation periodsand the loss in total increment. We
concludedthat a narrow latewood band is a signi�cant indicator of defoliation by the
CSM. Speeret al. (21) also demonstratedthat defoliation reducedlatewood formation.
In additionto the parametersbasedon total ring width variations,we visually con�rmed
thetiming of identi�ed outbreaksby scrutinizingthedatedtreering specimens.Thetotal
ring width wastypically reducedduring the �rst year(andcontinuedfor a few years)of
heavy defoliationandthelatewoodwasvery thin or lighter in color thanlatewoodformed
duringyearswithoutdefoliation(Fig. 4).

Developingaccuratelydatedlong-termhostandnonhosttree ring chronologiesalso
could identify trends in frequency, extent, duration and severity of outbreaks. This
informationmight prove useful in re�ning simulationsandmodels,aswell asproviding
datafor ecologicalstudiesof therelationsbetweenCSM outbreaks,standdensity, species
diversity, sitehistory(�re controlandlogging)andclimaticevents.
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