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Spatial Analysisof PheromoneTrap Catchesof Codling
Moth (Cydiapomonella) in Two Heterogeneous

Agro-ecosystems,UsingGeostatisticalTechniques

P. Trematerra,� ;1 P. Gentile1 andA. Sciarretta1

From 2000 to 2002, local distribution anddispersionpatternsof the codling moth, Cydia
pomonella(L.) (Lepidoptera:Tortricidae),capturedin pheromonetrapswereinvestigatedin
twoheterogeneousagro-ecosystems(A andB) of theMoliseregion,in centralItaly. Themain
objectivesof this studywereto determinethetemporalandspatialvariationsin distribution
andabundanceof codlingmothinsideandoutsideappleorchardslocatedin thesestudyareas,
andtoevaluatetheimportanceof thepresenceof severalhostplantsin relationto theobserved
distribution. Trap catchesof malemothswereclumpedduring almostall samplingweeks.
Spatialcharacterizationsobtainedby meansof geostatisticalmethodsillustratethat thehigh
trapcapturefoci werecon�ned to theproductiveappleorchardsfor bothagro-ecosystemsor
in smallgroupsof appletrees,andin thecaseof studyareaB, in azonecontainingpeartrees,
servicetreesandwalnuttrees.Occasionallymothswerefoundin trapsinstalledoutsidethese
zones.Furthermore,thepositionof high malepopulationfoci seemsnot to changeduringa
single�ight period. The resultsobtainedarediscussedwith respectto the improvementof
IntegratedPestManagementprogramsemployedin appleorchardssituatedin heterogeneous
landscapes.
KEY WORDS:Cydiapomonella; dispersalpatterns;geostatistics;spatialdynamics;hetero-
geneousagro-ecosystems.

INTRODUCTION

With thedevelopmentof IntegratedPestManagement(IPM) principlesin agriculture,
therehasbeenan increasein the useof a variety of managementtools as alternatives
to chemicalcontrol and the developmentof moreef�cient monitoringprograms.These
strategiesusuallydependon understandingspeci�c insectbehaviors andrequireprecision
targeting of interventionsto maximize their ef�cacy. As a result, in-depthknowledge
of ecological and behavioral characteristicsof phytophagousinsect pestsis required,
includingthosecharacteristicsrelatedto thelandscapefeaturesin whichanagro-ecosystem
functions. The importanceof such information increasesin heterogeneousagricultural
landscapeswhich, at small spatialscales,area seriesof interactinghabitatsboth natural
or human-modi�edthatvary in size,shapeandcomposition(i.e., woodlands,herbaceous
crop�elds, orchards,uncultivatedareas,riparianvegetation,etc.) (16,26,38).

In this connection,geostatisticalmethodscan be a powerful tool for understanding
many spatiallyrelatedphenomena:distribution patternof aninsectpestpopulationandits

ReceivedOct. 8, 2003;acceptedJan.19,2004;http://www.phytoparasitica.org postingJuly14,2004.
1Dept. of Animal, Plant and Environmental Science, University of Molise, 86100 Campobasso,Italy.
*Correspondingauthor[e-mail: trema@unimol.it].

Phytoparasitica32:4,2004 325



dispersalcapability, `resource-�nding'movementsof individualsinsideandoutsideacrop
�eld, movementaptitudein differenthabitatpatches,anduseof boundariesascorridors
(10,34). Making use of the spatial dependency amongthe sampledata, geostatistics
employs an algorithm to estimatea pest populationdensity in non-sampledlocations.
Furthermore,thespatialdistribution of thepopulationis representedgraphicallyby means
of interpolatedmaps.This analysiscanprovide crucial informationfor improving useof
sustainablepestcontrol techniquesor monitoringprograms,particularlyin thecontext of
precisionIPM (3,5,6,13).

In this study, carriedout from 2000to 2002,we focusedon thespatialdistribution of
adult malesof the codling moth Cydia pomonella(L.) (Lepidoptera:Tortricidae),in two
heterogeneousagro-ecosystemsin centralItaly. Theapplicationof geostatisticaltechniques
to pheromonetrap catchdatawasusedto infer someaspectsof the ecologyof this pest.
Dataanalyseswereatthespatialscaleof theappleorchardandthesurroundingareasinside
theagro-ecosystemsunderstudy.

In central Italy, the cultivation of apples (Malus domesticaBorkhauser)usually
occupiessmallareasin particularsustainableagriculturalsystemswith limited resources,
andareoften locatedin hilly or mountainouszones. Orchardsarespacedamongcereal
andvegetable�elds, hedgerows,uncultivated�elds or woodlands.In theseheterogeneous
agro-ecosystems,codlingmothis themostdangerousinsectpest.In inlandareasof central
Italy, C. pomonellais the main applepestand is bivoltine with a �ight period that lasts
from the endof April to the �rst half of September, while in the warmestareasa third
generationcanoccurwith a �ight periodthatextendsto thebeginningof October. Besides
apple,codlingmothattacksawide rangeof otherfruits. Otherprimaryhostplantsinclude
somepome fruits (Rosaceae)suchas pear (Pyrus communisL.) and other congeneric
species,and quince(CydoniaoblongaMiller); an exceptionto this is walnut (Juglans
regia L.), which is a memberof the Juglandaceaefamily. Someother stonefruits are
reportedto be secondaryhostplants: apricot(PrunusarmeniacaL.), Europeanplum (P.
domesticaL.), damson(P. insititia L.) andJapaneseplum (P. salicina Lindley). Finally,
unusualinfestationsof thefruits of otherplantshave beenfound: someSorbusL. species,
medlar(MespilusgermanicaL.), and loquat (Eriobotrya japonica (Thunberg) Lindley)
[Rosaceae],persimmon(Diospyros kaki L.) [Ebenaceae],orange(Citrus aurantium L.)
[Rutaceae],etc. (1,4,39).

Thepresenceof a patchy distribution of suitablehabitatsandhostplants(orchardsand
wild hosts)in heterogeneousagro-ecosystemscancausemany problemsin themanagement
of codlingmoth infestations.In fact, in somecasesadultmothsarethoughtto immigrate
to commercialappleorchardsfrom nearby, poorly managedor abandonedappleplants,
or from wild host trees(37). The speci�c objectivesof the surveys were to: verify the
dispersionpatternsof adult malecodling moth populationsin the agro-ecosystemsunder
study; determinethe temporalandspatialvariation in distribution andabundanceof the
pestinsideandoutsidetheorchards;andevaluatetheimportanceof thepresenceof several
hostplantsin relationto theobserveddistributionof C. pomonellaadultmales.

MATERIALS AND METHODS

Study areas Our observationsweremadein two heterogeneousagro-ecosystems,here-
after referredto asA andB, located750–850m above sealevel, in hilly or mountainous
landscapesof theMolise region, in centralItaly.
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Fig. 1. Agro-ecosystemsA andB, with landscapeelementsandpositionof wild hostplants.

Agro-ecosystemA This areawas surveyed from 2000 to 2002 (Fig. 1). The agro-
ecosystemis characterizedby the presenceof two appleorchards(tree � row spacing
3� 4 m, canopy height of trees� 3 m) with different cultivars: a 10-year-old orchard
(A1) � 8.5 ha (cvs. `Ed Gould Golden', `Florina', `Fuji', `GoldenDelicious', `Granny
Smith', `Jonagold',`Jubilee', `Limoncella', `RedChief', `Royal Gala' and`Zitella') and
a 13-year-old orchard(A2) � 3 ha (cvs. `Annurca', `Florina', `Fuji', `Limoncella' and
`SajmanRed'). The two orchardsare� 350m apart.Both orchardsweremanagedusing
biologicalpractices;codling mothwascontrolledby meansof granulosisvirus. The rest
of theareais comprisedof cerealandvegetable�elds, usuallyborderedby hedgerows,and
uncultivated�elds andwoodlots,in which therearescatteredtreesof apple,pear, service
(SorbusdomesticaL.) andwild service(S.torminalis(L.) Crantz).Abandonedappletrees,
peartreesandservicetreeshada low productionof fruits duringtheresearchperiod.

Agro-ecosystemB Thisareawassurveyedduring2001and2002(Fig. 1). In this agro-
ecosystemtherearetwo adjacentmultivarietalappleorchards(treex row spacing3� 4 m,
canopy heightof trees� 2–2.5m): a 3-year-old orchard(B1) � 1.4 ha (cvs. `Braeburn',
`Fuji', `GoldenOrange',`Limoncella', `RedChief' and`Royal Gala'), anda 1-year-old
orchard(B2) � 0.6 ha (cvs. `Florina', `Fuji', `Galaxy', `GoldenDelicious', `Limoncella'
and`Zitella'). Both theseorchards,astheonesin Agro-ecosystemA, weremanagedusing
biological practices;codling moth wascontrolledby meansof granulosisvirus. At � 60
m from orchardB1, therewasa groupof appletreesthat borea large numberof fruits
in both yearsof the study. The two orchardsaresurroundedon all sidesby cerealand
vegetable�elds, but therearealsosomewoodlots. Abandonedfruit plants,apple,pear,
serviceandwalnut grow in theseareas.With the exceptionof a walnut treelocatedin a
cereal�eld, whichboreagreatnumberof fruits duringthewholesurvey period,thesetrees
hada variablebut low productionof fruit in eachyear.

Data collection The activity of adult male codling mothswas monitoredusing sticky
traps(pagodatype,IsagroItalia, Milan, Italy) baitedwith 1 mg of codlemone(Novapher,
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Fig. 2. Agro-ecosystemA. Contourmapsof adult male codling moth distribution by meansof
indicator kriging appliedto cumulatedcatchdataof �ights I and II in 2001 and 2002 (� = trap
location;othersymbolsasin Fig. 1). In eachmap,labelsindicatethe �ight period;thenumber(n)
of codlingmothstrapped;andthecumulative frequency distribution (`cfd') expressedaspercentage.
Contoursarenot shown for low densityareaswith cfd < 0.4.

SanDonatoMilanese,Italy). Thepheromonetrapswereplacedin trees,or hungon metal
barsin openareas,at 1.7–2m aboveground.

Samplepointsweredeployed in a wide-meshnet, with a maximumdensityof � 0.9
trapsper hectareinside orchardA1, and a maximumdensityof � 0.7 trapsper hectare
insideorchardB1 (i.e., about90m distancebetweenadjacenttrapsinsidetheapple�elds),
anda lowerdensityin theoutlyingareas.Trapsoutsidetheorchardswereplacedusuallyat
least50m from theorchardto avoid attractingmalemothsfrom theorchard,thusavoiding
falsehot spots.

The �rst year of the survey was regardedas a starting point; in following years,
additionaltrapsweredeployed to improve the coverageof the experimentalareas. The
positionsof the traps in the study areaswere de�ned by the distance,measuredalong
the rows, from the orchardbordersor by distancesfrom �x ed landmarkssuchasroads,
buildings,etc.Thetrappositionwasassignedx,ycoordinatesbasedonthesemeasurements,
andwasusedin thegeostatisticalanalyses.

Trappedadults were removed and countedweekly. Pheromonedispenserswere
replacedevery 6 weeksand sticky boardsevery 2–4 weeks. During eachyear, �eld
surveys wereconductedfrom the beginning of April until the endof Septemberin both
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Fig. 3. Agro-ecosystemB. Contourmapsof adult male codling moth distribution by meansof
indicatorkriging appliedto cumulatedcatchdataof each�ight period in 2002(� = trap location;
othersymbolsasin Fig. 1). In eachmap,labelsindicatethe�ight period;thenumber(n) of codling
mothstrapped;andthecumulative frequency distribution (`cfd'), expressedaspercentage.Contours
arenotshown for low densityareaswith cfd < 0.4.

agro-ecosystems(P. Gentile,2003,Ph.D.thesis,Univ. of Molise,Campobasso,Italy).
Agro-ecosystemA Duringthe�rst year(2000),16pheromonetrapswereused:six traps

insideorchardA1, oneinsideA2, andnine in areassurroundingthe orchards.Distances
betweenany two trapsvariedfrom 72 to 730m; theminimaldistancebetweentrapsinside
A1 was96 m. During thesecondyear(2001),20 trapswereused:six trapsinsideorchard
A1, oneinsideA2, onein agroupof appletrees,two hungonabandonedpeartrees,oneon
a wild servicetree,andnineplacedin thesurroundingareas.Distancesbetweenany two
trapsvariedfrom 72 to 759m; theminimal distanceinsideA1 was95 m (Fig. 2). During
thethird year(2002),26 trapswereused:ninetrapsinsideorchardA1, oneinsideA2, one
in a groupof appletrees,two in abandonedpeartrees,onein a groupof servicetrees,one
hungon a wild servicetree,and11 installedin thesurroundingareas.Distancesbetween
any two trapsvariedfrom 81 to 768m; theminimaldistanceinsideA1 was91m (Fig. 2).

Agro-ecosystemB Duringthe�rst year(2001),12pheromonetrapswereused:onetrap
in thecenterof orchardB1, oneinsideB2, onein a groupof abandonedappletreesnear
theorchards,onehungon a peartree,oneon a servicetree,oneon a walnut tree,andsix
locatedin areassurroundingthe orchards.Distancesbetweenany two trapsvariedfrom
47 to 448m. During thesecondyear(2002),16 trapswereused:two trapsinsideB1, one
insideB2, onein a groupof abandonedappletreesneartheorchards,onehungon a pear
tree,oneon a servicetree,oneon a walnuttree,andnineplacedin thesurroundingareas.
Distancesbetweenany two trapsvariedfrom 47 to 460 m; the distancebetweenthe two
trapslocatedinside�eld B1 was81m (Fig. 3).

Spatial analyses
Dispersionindex Thetrapcatchpatternsof adultmalepopulationsof C. pomonellafor

eachweeklycountweredescribedusingtheIndex of Patchiness(27). Theaggregationrate
of a populationis �rst calculatedby the Index of MeanCrowding,

�
x, which indicatesthe

possibleeffect of mutualinterferenceor competitionamongspecimens.Theoretically, the
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index measuresthe meannumberof other individualsper individual in the samesample
site,in ourcaseconstitutedby a singletrap:

�
x = �x + (

s2

�x
� 1)

where�x ands2 arethesamplemeanandthesamplevariance,respectively. The Index of

Patchinessis expressedastheratioof theIndex of MeanCrowdingto thesamplemean:
�
x
�x .

Lloyd introducedtheIndex of Patchinessbecausethemeancrowding is highly dependent
upon both the degreeof aggregation and the populationdensity. With this measureof
dispersion,patchiness< 1 indicatesa randompattern,patchiness= 1 indicatesa uniform
pattern,and patchiness> 1 indicatesa clumpedpattern. The Index of Patchinesswas
appliedto weeklycatchdatawith theexceptionof thoseweekswith themaximumnumber
of insectsfoundin a trapequalto 1.

GeostatisticalanalysesThe spatialanalysesof datawerecarriedout usingVariowin
version2.2 (29). Spatialdependenceamongobservationswasexaminedusingomnidirec-
tional covariancefunctions.To reacha descriptionof thespatialvariability characterized
by lower valuesat smallerlag spacing,the averagedistancebetweentwo adjacenttraps
wasused:120m in agro-ecosystemA and60m in agro-ecosystemB. Theshapeof spatial
continuitypro�les wasdescribedby themodelthatprovidedthebestgoodnessof �t, among
theequationsprovidedby thesoftware.

The spatialcharacterizationsthat were obtainedwere appliednext as mathematical
models to interpolateobserved values within the consideredareas; the interpolation
algorithmemployedwaskriging. All proceduresweredoneusingSurferversion8.02(14),
with x,y representingthespatialcoordinatesandzthecatchdata.By interpolatingzvalues,
the softwareproducesa grid of valuesfrom which is drawn a two-dimensionalcontour
map, which reveals the con�guration of the surfaceby meansof isolines representing
equalz values. The cell sizeof the grid, correspondingto the arearepresentedby each
samplepoint,wassetto abouthalf theminimumdistancebetweentwo traps:40m in agro-
ecosystemA and23m in agro-ecosystemB. Contourmapswereoverlaidontoabasemap
of thestudyarea,with thesamecoordinatesystem.

The �rst yearof surveys, regardedasa preliminarystartingpoint, wasexcludedfrom
spatialelaboration. Geostatisticaltools were appliedto the dataset obtainedfrom two
different maps: (i) a map referring to single �ight periods(2001 and 2002 for agro-
ecosystemA, 2002for agro-ecosystemB); and(ii) a mapshowing thesumof two weekly
pheromonetrapcounts(2002for bothagro-ecosystems).

Before spatial characterization,trap catchesusedto obtain single �ight mapswere
convertedto catchprobabilitiesby meansof indicator kriging, following Brenneret al.
(5). Thetrapcountsareorderedin descendingmannerandexpressedasproportionsof the
pooledcatches.An indicatorscoreof “1” is givento all trapswith adultmalecodlingmoths
thatexceedacritical proportion,ascoreof “0” to theremainingtraps.Theinterpolationof
thesezvaluesproducesacontourmapwith isolinesrangingfrom0 to 1. In ouranalyses,the
critical proportionwassetat80%but modi�ed to ensurethatthesameindicatorscoreswere
assignedto trapswith equalcatchnumbers.While theinterpolationsof catchdatarepresent
graphicallytheabundanceandthespatialdistributionof adultmalepopulationsof codling
mothover time,theindicatorscoreenablestheidenti�cation of areaswith importantinsect
densitiesby minimizing theeffectof unusualtrapcounts(34).
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RESULTS

Fig. 4. Agro-ecosystemA. Samplecovariancefunctionsof the pheromonetrap catchesof adult
codling moth. In eachgraphic, jhj indicatesthe lag interval, expressedin meters;C(0) - C(jhj)
representsthe autocovarianceestimator, expressedas the differencebetweenlag varianceand lag
covariance.
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Fig.5. Agro-ecosystemA. Contourmapsof adultmalecodlingmothdistributionby meansof kriging
appliedto cumulatedpheromonetrapcountsin theeight intervalsof 2002(� = trap location;other
symbolsasin Fig. 1). In eachmap,labelsindicatethetwo datesof theweeklypheromonetrapcounts
summed,andthenumber(n) of codlingmothstrapped.

Agro-ecosystemA
Dispersion index Table1 givesthe Index of Patchinessvaluesobtainedfrom weekly

codling moth catchdataduring the whole studyperiod. In 2000,patchinessvariedfrom
1.3 to 6.0 during �ight I, andfrom 1.9 to 3.1 during �ight II. In 2001,valuesvariedfrom
1.3 to 6.7 during �ight I, andfrom 1.1 to 4.8 during �ight II. In 2002,patchinessvaried
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Fig. 6. Agro-ecosystemB. Samplecovariancefunctionsof the pheromonetrap catchesof adult
codling moth. In eachgraphic, jhj indicatesthe lag interval expressedin meters;C(0) – C(jhj)
representsthe autocovarianceestimator, expressedas the differencebetweenlag varianceand lag
covariance.

from 1.5 to 5.7during�ight I, andfrom 1.3 to 3.3during�ight II. Thedispersionof adult
malesamongpheromonetrapswasclumpedfor all samplingdates.

GeostatisticalanalysisResultsof the covariancefunction analysisare reportedin
Figure4 andTable2. In all casesthe exponentialmodelprovided the bestmathematical
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Fig.7. Agro-ecosystemB. Contourmapsof adultmalecodlingmothdistributionby meansof kriging
appliedto cumulatedpheromonetrapcountsin theeight intervalsof 2002(� = trap location;other
symbolsasin Fig. 1). In eachmap,labelsindicatethetwo datesof theweeklypheromonetrapcounts
summed,andthenumber(n) of codlingmothstrapped.

�t (smallestindicative goodnessof �t). Theestimatedrange(distancebetweendatapairs
at which spatialindependenceis reached)variedamongthedatasetsfrom 120to 225m,
exceptfor datareferringto 21.V + 28.V.2002,whichhada rangeof 450m.

Contourmapsobtainedby meansof indicatorkriging appliedto thecumulativecatches
foundduringeach�ight period,in 2001and2002,arereportedin Figure2. Thesemaps
illustratethatthehighestmalepopulationfoci werecon�ned to theappleorchardsA1 and

334 P. Trematerraetal.



A2 and were always well separated.However, the distribution patternobserved within
orchardA1 appearedto differ in bothsizeandlocationof foci amongsamplingyearsand
between�ights within thesameyear.

TABLE 1. Agro-ecosystemA. Pheromonetrap catchesof adult malecodling mothsandIndex of
Patchinessreferringto weeklysamplingdates(2000–2002)

Flight I Flight II
Samplingdate Trapcatches Patchiness Samplingdate Trap

catches
Patchiness

2000
5.V 7 3.9 7.VII 3 -
12.V 22 3.6 14.VII 38 3.1
19.V 64 3.6 21.VII 39 1.9
26.V 25 4.4 28.VII 45 2.8
2.VI 17 5.8 4.VIII 82 2.3
9.VI 2 - 11.VIII 105 2.2
16.VI 4 6.0 17.VIII 92 2.1
23.VI 5 1.3 25.VIII 36 2.0
30.VI 3 3.6 1.IX 16 2.5

2001
27.IV 1 - 13.VII 6 1.1
4.V 6 6.7 20.VII 31 3.0
11.V 18 2.6 27.VII 5 1.6
18.V 35 2.3 3.VIII 10 4.8
25.V 10 2.8 10.VIII 23 4.2
2.VI 33 2.9 16.VIII 15 1.4
8.VI 44 3.4 24.VIII 40 3.8
15.VI 60 2.9 31.VIII 6 3.3
23.VI 23 3.0 7.IX 3 4.4
29.VI 19 2.8
6.VII 8 1.3

2002
3.V 1 - 19.VII 22 2.2
10.V 2 - 26.VII 15 1.3
17.V 12 1.7 2.VIII 5 -
24.V 24 4.2 9.VIII 41 3.3
31.V 11 1.7 16.VIII 41 2.2
7.VI 28 5.7 23.VIII 84 2.1
14.VI 10 1.5 30.VIII 19 2.1
21.VI 10 5.0 6.IX 5 2.0
28.VI 15 2.7 13.IX 3 -
5.VII 7 2.0 20.IX 2 -

Figure5 showsthetrapcapturesobtainedfor eachof theeightsamplingperiodsduring
2002.Throughouttheyear, evenif isolinesencompassedareasoutsideapple�elds A1 and
A2, individualswereonly occasionallycapturedin trapsbetweenA1 andA2 andin or near
otherabandonedappletrees,peartrees,servicetrees,andwild servicetrees.For example,
in thesamplingperiodof �ight II with thehighestnumbersof malecodlingmoths(16.VIII
+ 23.VIII), it is possibleto distinguishaninfestedzonethatdoesnotcomprisetheorchards
andis locatedneara groupof servicetrees.This samplesiteis about130m from the�eld
A1. Thetrapplacedbetweentheapple�eld andservicetreesdid notcollectany adultmale
codlingmoths.
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Agro-ecosystemB
Dispersionindex TheIndex of Patchinessvaluescalculatedfrom weeklycodlingmoth

catchdataduring2001and2002arereportedin Table3. In 2001,patchinessvariedfrom
1.3 to 2.9 during �ight I, andfrom 2.4 to 5.5 during �ight II. In 2002,valuesvariedfrom
3.3 to 7.5during�ight I, andfrom 0.8 to 5.1during�ight II. Thedispersionpatternof C.
pomonellaamongtrapswasclumpedfor almostall samplingweeks.In fact,wehavefound
only thesamplingdate30.VIII.2002hadapatchinesslessthan1 (0.8),indicatingarandom
distribution.

GeostatisticalanalysesResultsof thecovariancefunctionanalysis,reportedin Figure
6 andTable4, show that the exponentialmodelprovided the bestmathematical�t in all
casesconsidered.Theestimatedrangevariedamongthedatasetsfrom 85 to 187m.

Figure3 shows thecontourmapsobtainedby geostatisticalanalysescarriedout using
indicator kriging appliedto the cumulative catchesof each�ight period in 2002. The
greatestportionof adultmalescapturedwasfoundto belimited to two zones:(i) orchard
B1 andthenext groupof appletrees,and(ii) thezonein which therewerescatteredpear
trees,servicetreesandwalnut trees. Thesetwo main high populationfoci werealways
well separated.Comparingtheobserveddistribution patternin each�ight period,thearea
encompassedby thecontoursappearedto increaseduring�ight II.

Thecontourmapsdrawn for theeightsamplingintervalsof 2002arereportedin Figure
7. Therepresentedcapturepatternscon�rmed thatthehighestabundancefoci of themale
populationwerecon�ned to orchardB1 andthenext groupof appletreesandto thezone
with peartrees,servicetreesandwalnut trees.Maleswererarelycapturedin orchardB2.
During�ight II, in thesamplingperiodwith highestnumbersof catches(16.VIII + 23.VIII),
the malecodling moth populationappearedto have the mostextendeddistribution, with
isolinesencompassingareasoutsidethe two most infestedzones,but only occasionally
weremothsfoundin trapsbetweenthem.

TABLE 2. Agro-ecosystemA. Model (exponential)andparametersobtained�tting the covariance
functionsof thepheromonetrapcatchesof adultmalecodlingmoths

Samplingdate Nugget Range Sill Indicative
goodnessof
�t

Flight I, 2001indicator 0 184 0.17 8.33e� 3

Flight II, 2001indicator 0 142 0.23 7.15e� 2

Flight I, 2002indicator 0 144 0.21 5.89e� 2

Flight II, 2002indicator 0 202 0.24 3.96e� 2

10.V + 17.V 0.06 174 1.0 2.96e� 2

24.V + 31.V 0 180 7.0 5.55e� 2

7.VI + 14.VI 0.50 218 10.1 1.18e� 2

21.VI + 28.VI 0 450 6.0 1.88e� 1

19.VII + 26.VII 0.11 145 4.0 3.38e� 2

2.VIII + 9.VIII 0.44 120 9.2 1.12e� 2

16.VIII + 23.VIII 1.30 225 3.7 5.76e� 2

30.VIII + 6.IX 0.10 180 2.1 1.25e� 2
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TABLE 3. Agro-ecosystemB. Numberof pheromonetrapcatchesof adultmalecodlingmothsand
Index of Patchinessreferringto weeklysamplingdates(2001-2002)

Flight I Flight II
Samplingdate Trapcatches Patchiness Samplingdate Trap

catches
Patchiness

2001
24.V 3 2.7 12.VII 1 -
1.VI 5 2.9 19.VII 6 2.7
7.VI 6 1.3 27.VII 1 -
15.VI 25 2.0 2.VIII 10 3.8
21.VI 2 - 10.VIII 27 4.0
28.VI 2 - 16.VIII 22 2.4
24.VIII 57 5.5
31.VIII 2 -
7.IX 3 -

2002
2.V 1 - 12.VII 1 -
9.V 1 - 19.VII 3 2.0
16.V 3 2.0 26.VII 5 5.1
24.V 8 7.5 2.VIII 0 -
31.V 14 3.5 9.VIII 18 2.2
7.VI 21 6.0 16.VIII 19 2.3
14.VI 12 3.3 23.VIII 15 2.3
21.VI 4 4.0 30.VIII 9 0.8
28.VI 5 3.8 6.IX 6 2.7
13.IX 0 -
20.IX 1 -

TABLE 4. Agro-ecosystemB. Model (exponential)andparametersobtained�tting the covariance
functionsof thepheromonetrapcatchesof adultmalecodlingmothsin 2002

Samplingdate Nugget Range Sill Indicative
goodnessof
�t

Flight I 0 187 1.9 7.24e� 2

Flight II 0 128 0.3 1.57e� 1

9.V + 16.V 0 85 0.4 5.85e� 2

24.V + 31.V 0 123 7.8 4.39e� 2

7.VI + 14.VI 0.57 184 21.5 9.96e� 2

21.VI + 28.VI 0.10 107 1.8 2.77e� 2

19.VII + 26.VII 0.02 149 1.3 1.04e� 1

2.VIII + 9.VIII 0.03 125 3.0 6.85e� 2

16.VIII + 23.VIII 0.60 105 8.0 4.82e� 2

30.VIII + 6.IX 0 152 2.0 5.88e� 2

DISCUSSIONAND CONCLUSIONS

Onthewhole,thedispersionpatternsof pheromonetrapcatchesfoundby meansof the
Index of Patchinessindicatethatmalepopulationsof C.pomonellawereusuallyaggregated
in particularportionsof ourstudyareas.

Consideringthe geostatisticalresults,in our experimentsthe contourmapsprovided
sucha clearandvaluablegraphicaldescriptionof the foci that the numberof sampling
points,nothighenoughto havearobuststatisticalestimateof spatialvariability (32), is not
regardedasanissue.On theotherhand,thenumberof trapsdeployedin theexperimental
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areawas the resultof evaluationsconcerningthe propertiesof pheromonetrapsusedin
the monitoring,with particularattentionto the densityat which individual trapsstart to
interferewith eachother. Field studiesof tortricid pestshave shown that trapshave a
rangeof attractionof 300m or more,but in mostpracticalcasesa distanceof 50 m canbe
suf�cient to preventonetrapfrom `poaching'mothsfrom theplumeof anothertrap(20).
Besides,to obtaina goodspatialrepresentation,Brenneret al. (5) suggestedthattheideal
trapdensityfor spatialrepresentationshouldbesuchthat thedistancebetweentrapsdoes
notexceedthemaximumresponsedistance.Therefore,thenumberof samplingpointswas
limited to avoid theappearanceof falsehot spotsor distribution alteration,dueto severe
interferenceof traps,particularlybetweeninsideandoutsidetheorchards.

Mostof theadultmalescapturedwerefoundinsidetheproductiveappleorchards(A1,
A2 andB1) in boththeagro-ecosystemsstudied.Theexceptionwasin studyareaB, where
high trap catchfoci alsooccurredin the groupof appletreesnext to the orchardsandin
thezonein which therewerepeartrees,servicetrees,andwalnuttrees,mainly aroundthe
walnuttreelocatedin thecereal�eld. Only in averyfew samplingweeksdid trapsonother
hostplants– especiallythosesituatedin woodlotsbut alsoin thecereal�elds – catchmale
C. pomonella.

Themainhot spotswerelocalizedinsidebothagro-ecosystemsandtheir positionsdid
notappeartochangeduringasingle�ight period.In addition,thehighestpestdensityzones
wereisolatedfrom eachother, andonly in afew sporadiccasesweremalescountedin traps
locatedoutsidethesezones.This distribution might indicatea low dispersalcapabilityof
codling moth malesduring the �ight period,but evidenceof sucha situationshouldbe
furtherinvestigated.

Several �eld surveys have demonstratedvariation in �ight behavior of the codling
moth populations,with only a small proportionof malesundertakinglong �ights, and
single individuals moving up to 8.7 km or 11 km (17,28). Recent�ight mill studies
under laboratoryconditionsshowed the capacity for high mobility of adult male and
femalecodlingmoths(11,22,33).Our researchsuggeststhatmalecodlingmothsmaynot
disperseasfar asearlierstudiesindicated,perhapsdueto landscapefeaturesin�uencing
the tendency to disperse.The propensityfor movementof malecodling mothsmay be
very low outsidethe main suitablehabitatsand this may reducethe potentialfor males
to migrate to host plantsscatteredin the sampledagro-ecosystemsover the short time
periodswhen�ight activity occurs.As resultsdid not provide direct indicationsaboutthe
dispersalability of C. pomonella, theseconsiderationsshouldbe limited to our particular
environmentalconditions.

Theresultingdistributionpatternsof codlingmothpopulationsappearto bedetermined
by thelocationsof themostimportanthostplants.Thezoneswith thehighestcatcheswere
thosein which the availability of fruits to be usedas larval developmentsitesis almost
continuousfrom oneyearto theother;in fact,otherhostplantsinsidethetwo studyareas
hada low andvariableproductionof fruits for eachyear. Thedistributionof C. pomonella
in theseheterogeneousagro-ecosystemsappearsto be structuredlike metapopulations
asde�ned in Gutierrez(15), with only a minimal numberof dispersingindividuals that
connectlocalpopulationsbetweenthehighdensityzones.

Theinformationobtainedusinggeostatisticaltoolscanbeutilized to improve thepest
managementmethodsemployed in appleorchardslocatedin heterogeneouslandscapes.
For the last 40 yearsthe control of C. pomonellahas beenachieved primarily by the
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frequentapplicationof organophosphateinsecticides,like azinphosmethyl (31). Adoption
of IPM programscreatesaneedto controlthecodlingmothmoreselectively. Thisapproach
necessitatesa shift to alternatetechnologies:biological control agents– mainly Bacillus
thuringiensisBerliner andgranulosisvirus (9,19,30,35),matingdisruption(7,18,21,24),
attract-and-kill(8,25,36),and sterile insecttechnique(2,12). Successof many of these
techniquesrequires,asa preliminarycondition,a low immigration rate into an infested
zone(11,39).Also precisionIPM tactics,directedto thereductionof pesticideinput,would
beeffective in asystembasedonapatchstructureof thelandscapeandlow mobility of the
pest(13).

Consequently, any elementthat can in�uence movementof the codling moth from
surroundingareasinto appleorchards,bothbehavioral aspectsandlandscapefeaturessuch
as the presenceof potentialsourcesof external infestation(wild host plantsor isolated
appletrees)andof corridors/barriersbetweenpatches,mustbe examinedin detail. For
example, the low mobility of the codling moth suggeststhat strips, free of host plants
aroundorchards,may be an effective managementtactic. A strip at least100 m wide
is reportedto be an effective barrieragainstimmigrationfrom infestedzones,into either
commercialorchardsor matingdisruption�eld trials (7,23).However, this barrierwasnot
foundadequatein someothertrials (39). In our cases,cereal�elds anduncultivated�elds
withoutany hostplants,� 200m wide,couldbeanef�cient barrierto thecrossingbetween
the highestmalepopulationfoci, but no further informationaboutthe femalepopulation
can be inferred. On the basisof our results,adequateknowledgeabout the landscape
featuresthat can affect the dispersalbehavior of insectpests,on a local scale,should
be consideredan essentialprerequisitefor IPM programs,andresultingindicationsmust
be incorporatedin developing effective monitoring strategies and in planningprecision
targetinginterventions.

ACKNOWLEDGMENTS

Theauthorsaregratefulto J.Campbell(USDA-ARS,Manhattan,KS,USA) for hisreview of themanuscript.

REFERENCES

1. Barnes,M.M. (1991)Codlingmothoccurrence,hostraceformation,anddamage.in: VanDer Geest,L.P.S.
andEvenhuis,H.H. [Eds.] Tortricid Pests:Their Biology, NaturalEnemiesandControl.Elsevier Science,
Amsterdam,theNetherlands.pp.313-327.

2. Bloem,S., Bloem,K.A., Carpenter, J.E.andCalkins,C.O. (2001)Season-longreleasesof partially sterile
malesfor control of codling moth (Lepidoptera: Tortricidae) in Washingtonapples.Environ. Entomol.
30:763-769.

3. Blom, P.E.,Fleischer, S.J.andSmilowitz, Z. (2002)Spatialandtemporaldynamicsof Coloradopotatobeetle
(Coleoptera:Chrysomelidae)in �elds with perimeterandspatiallytargetedinsecticides.Environ. Entomol.
31:149-159.

4. Bovey, P. (1966) Super-famille desTortricoidea.in: Balachowski, A.S. [Ed.] EntomologieAppliquée �a
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