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Spatial Analysis of PheromoneTrap Catchesof Codling
Moth (Cydiapomonellg in Two Heterogeneous
Agro-ecosystemd,Jsing GeostatisticalTechniques

P. Trematerra;! P. Gentilé andA. Sciarretta

From 2000to 2002, local distribution and dispersionpatternsof the codling moth, Cydia
pomonellaL.) (Lepidoptera:Tortricidae),capturedn pheromondrapswereinvestigatedin
two heterogeneousgro-ecosysten(& andB) of theMoliseregion,in centralltaly. Themain
objectivesof this studywereto determinethe temporalandspatialvariationsin distribution
andahundancef codlingmothinsideandoutsideappleorcharddocatedn thesestudyareas,
andto evaluatetheimportanceof thepresencef severalhostplantsin relationto theobsered
distribution. Trap catchesof male mothswere clumpedduring almostall samplingweeks.
Spatialcharacterizationsebtainedoy meansf geostatisticaimethodsllustratethatthe high
trap capturefoci werecon ned to the productive appleorchardsor bothagro-ecosystenms
in smallgroupsof appletreesandin thecaseof studyareaB, in azonecontainingpeartrees,
servicetreesandwalnuttrees.Occasionallynothswerefoundin trapsinstalledoutsidethese
zones.Furthermorethe positionof high malepopulationfoci seemsotto changeduringa
single ight period. The resultsobtainedare discussedvith respecto the improvementof
IntegratedPestManagemenprogramsmployedin appleorchardssituatedn heterogeneous
landscapes.

KEY WORDS:Cydiapomonella dispersapatternsgeostatisticsspatialdynamics;hetero-
geneousgro-ecosystems.

INTRODUCTION

With the developmentof IntegratedPestManagemen(IPM) principlesin agriculture,
there hasbeenan increasein the useof a variety of managementools as alternatves
to chemicalcontrol and the developmentof more ef cient monitoring programs. These
stratgiesusuallydependon understandingpeci c insectbehaiors andrequireprecision
targeting of interventionsto maximizetheir efcacy. As a result, in-depth knowledge
of ecologicaland behaioral characteristicsof phytophagousinsect pestsis required,
includingthosecharacteristicselatedto thelandscapéeaturesn whichanagro-ecosystem
functions. The importanceof suchinformationincreasesn heterogeneouagricultural
landscapesvhich, at small spatialscalesare a seriesof interactinghabitatsboth natural
or human-modi edthatvary in size,shapeandcomposition(i.e., woodlands herbaceous
crop elds, orchardsuncultivatedareasriparianvegetation etc.) (16,26,38).

In this connection,geostatisticaimethodscan be a powerful tool for understanding
mary spatiallyrelatedphenomenadistribution patternof aninsectpestpopulationandits
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dispersatapability ‘resource- nding'movementsf individualsinsideandoutsidea crop
eld, movementaptitudein differenthabitatpatchesanduseof boundariesas corridors
(10,34). Making use of the spatial dependeng amongthe sampledata, geostatistics
employs an algorithm to estimatea pest populationdensityin non-sampledocations.
Furthermorethe spatialdistribution of the populationis representedraphicallyby means
of interpolatedmaps. This analysiscanprovide crucialinformationfor improving useof
sustainablgoestcontroltechniquesor monitoringprograms particularlyin the contet of
precisionlPM (3,5,6,13).

In this study carriedout from 2000to 2002, we focusedon the spatialdistribution of
adult malesof the codling moth Cydiapomonella(L.) (Lepidoptera:Tortricidae),in two
heterogeneousgro-ecosystenia centralltaly. Theapplicationof geostatisticalechniques
to pheromondrap catchdatawas usedto infer someaspectof the ecologyof this pest.
Dataanalysesvereatthespatialscaleof theappleorchardandthesurroundingareasnside
theagro-ecosystemanderstudy

In central Italy, the cultivation of apples(Malus domesticaBorkhauser)usually
occupiessmallareasn particularsustainablegriculturalsystemswith limited resources,
andare often locatedin hilly or mountainouszones. Orchardsare spacedamongcereal
andvegetable elds, hedgeras, uncultivated elds or woodlands.In theseheterogeneous
agro-ecosystemspdlingmothis themostdangerouinsectpest.In inlandareasof central
Italy, C. pomonellais the main applepestandis bivoltine with a ight periodthatlasts
from the end of April to the rst half of Septemberwhile in the warmestareasa third
generatiorcanoccurwith a ight periodthatextendsto thebeginningof October Besides
apple,codlingmothattacksa wide rangeof otherfruits. Otherprimaryhostplantsinclude
some pome fruits (Rosaceaeyuch as pear (Pyrus communisL.) and other congeneric
species,and quince (CydoniaoblongaMiller); an exceptionto this is walnut (Juglans
regia L.), which is a memberof the Juglandaceaéamily. Someother stonefruits are
reportedto be secondaryhostplants: apricot(PrunusarmeniacalL.), Europearplum (P.
domestical.), damson(P. insititia L.) andJapanes@lum (P. salicina Lindley). Finally,
unusuainfestationsof the fruits of otherplantshave beenfound: someSorhusL. species,
medlar (Mespilusgermanical.), andloquat (Eriobotrya japonica (Thunbeg) Lindley)
[Rosaceae]persimmon(Diospymos kaki L.) [Ebenaceae]prange(Citrus aurantiumL.)
[Rutaceae]etc. (1,4,39).

Thepresencef a patcly distribution of suitablehabitatsandhostplants(orchardsand
wild hosts)in heterogeneousgro-ecosystentancausamary problemsn themanagement
of codlingmothinfestations.In fact,in somecasesadultmothsarethoughtto immigrate
to commercialappleorchardsfrom nearby poorly managedr abandoneappleplants,
or from wild hosttrees(37). The speci c objectives of the suneys wereto: verify the
dispersionpatternsof adult male codling moth populationsin the agro-ecosystemsnder
study; determinethe temporaland spatialvariationin distribution and abundanceof the
pestinsideandoutsidethe orchardsandevaluatetheimportanceof the presencef several
hostplantsin relationto the obseneddistribution of C. pomonellaadultmales.

MATERIALS AND METHODS

Study areas Our obsenationsweremadein two heterogeneouagro-ecosystemsere-
afterreferredto asA andB, located750—850m above sealevel, in hilly or mountainous
landscapesf the Molise region,in centralltaly.
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Fig. 1. Agro-ecosystem# andB, with landscapelementsandpositionof wild hostplants.

Agro-ecosystem®\ This areawas surweyed from 2000to 2002 (Fig. 1). The agro-
ecosystems characterizedy the presenceof two appleorchards(tree  row spacing
3 4 m, canoly heightof trees 3 m) with different cultivars: a 10-yearold orchard
(A1) 8.5ha(cvs. "Ed Gould Golden', "Florina', “Fuji', "GoldenDelicious', *Granry
Smith', “Jonagold',"Jubilee’, Limoncella’, "Red Chief, "Royal Gala' and Zitella") and
a 13-yearold orchard(A2) 3 ha(cvs. "Annurca’, "Florina', "Fuji', "Limoncella' and
“SajmanRed"). Thetwo orchardsare 350 m apart. Both orchardswere managedising
biological practices;codling moth was controlledby meansof granulosisvirus. Therest
of theareais comprisef cerealandvegetableelds, usuallyborderedy hedgeras, and
uncultivated elds andwoodlots,in which therearescatteredreesof apple,pear service
(Sorhusdomesticd..) andwild service(S.torminalis(L.) Crantz).Abandonedappletrees,
peartreesandservicetreeshada low productionof fruits duringtheresearctperiod.

Agro-ecosysterB This areawassuneyedduring2001and2002(Fig. 1). In thisagro-
ecosystentherearetwo adjacenmultivarietalappleorchardgtreex row spacing3 4 m,
canopy heightof trees 2-2.5m): a 3-yearold orchard(B1) 1.4 ha(cvs. ‘Braelurn’,
“Fuji', “GoldenOrange', Limoncella’, "Red Chief and Royal Gala'), anda 1-yearold
orchard(B2) 0.6ha(cvs. "Florina', “Fuji', “Galaxy', "GoldenDelicious', "Limoncella'
and Zitella"). Boththeseorchardsastheonesin Agro-ecosystem\, weremanagedising
biological practices;codling moth was controlledby meansof granulosisvirus. At 60
m from orchardB1, therewas a group of appletreesthat bore a large numberof fruits
in both yearsof the study The two orchardsare surroundecbn all sidesby cerealand
vegetable elds, but thereare also somewoodlots. Abandonedtuit plants,apple,pear
serviceandwalnut grow in theseareas.With the exceptionof a walnuttreelocatedin a
cereal eld, whichboreagreathumberof fruits duringthewholesuney period,theserees
hada variablebut low productionof fruit in eachyear

Data collection The activity of adult male codling mothswas monitoredusing sticky
traps(pagodaype, Isagroltalia, Milan, Italy) baitedwith 1 mg of codlemongNovapher
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Fig. 2. Agro-ecosystemA. Contour mapsof adult male codling moth distribution by meansof
indicator kriging appliedto cumulatedcatchdataof ights | andll in 2001 and 2002 ( = trap
location; othersymbolsasin Fig. 1). In eachmap,labelsindicatethe ight period;the number(n)
of codlingmothstrapped:andthe cumulative frequeng distribution ("cfd’) expressedspercentage.
Contoursarenot shavn for low densityareaswith cfd < 0.4.

SanDonatoMilanese ltaly). The pheromondrapswereplacedin trees,or hungon metal
barsin openareasat1.7—2m above ground.

Samplepointswere deplgyed in a wide-meshnet, with a maximumdensityof 0.9
trapsper hectareinside orchardAl, anda maximumdensityof 0.7 trapsper hectare
insideorchardBL1 (i.e., about90 m distanceébetweeradjacentrapsinsidetheapple elds),
andalower densityin theoutlying areas.Trapsoutsidetheorchardsvereplacedusuallyat
least50 m from the orchardto avoid attractingmalemothsfrom the orchard thusavoiding
falsehot spots.

The rst year of the suney was regardedas a starting point; in following years,
additionaltrapswere deployed to improve the coverageof the experimentalareas. The
positionsof the trapsin the study areaswere de ned by the distance,measuredalong
the rows, from the orchardbordersor by distancesrom x ed landmarkssuchasroads,
buildings,etc. Thetrappositionwasassigned,y coordinatebasewnthesaneasurements,
andwasusedin the geostatisticahnalyses.

Trappedadults were removed and countedweekly Pheromonedispensersvere
replacedevery 6 weeksand sticky boardsevery 2—4 weeks. During eachyear eld
suneys were conductedrom the beginning of April until the end of Septembein both
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Fig. 3. Agro-ecosystenB. Contour mapsof adult male codling moth distribution by meansof
indicatorkriging appliedto cumulatedcatchdataof each ight periodin 2002 ( = trap location;
othersymbolsasin Fig. 1). In eachmap,labelsindicatethe ight period;the number(n) of codling
mothstrapped;andthe cumulatve frequeny distribution ("cfd'), expressedspercentageContours
arenotshawvn for low densityareaswith cfd < 0.4.

agro-ecosystem®. Gentile,2003,Ph.D.thesis,Univ. of Molise, Campobassdtaly).

Agro-ecosysterA Duringthe rst year(2000),16 pheromonérapswereused:six traps
insideorchardA1l, oneinside A2, andninein areassurroundingthe orchards.Distances
betweerary two trapsvariedfrom 72to 730m; the minimal distancebetweertrapsinside
Al was96 m. During the secondyear(2001),20 trapswereused:six trapsinsideorchard
Al, oneinsideA2, onein agroupof appletreeswo hungonabandonegeartrees,oneon
awild servicetree,andnine placedin the surroundingareas.Distanceshetweenary two
trapsvariedfrom 72to 759 m; the minimal distanceinside A1 was95 m (Fig. 2). During
thethird year(2002),26 trapswereused:ninetrapsinsideorchardAl, oneinsideA2, one
in agroupof appletrees,two in abandonegeartrees,onein agroupof servicetrees,one
hungonawild servicetree,and11 installedin the surroundingareas.Distancesetween
ary two trapsvariedfrom 81to 768 m; the minimal distancanside Al was91 m (Fig. 2).

Agro-ecosysterB Duringthe rst year(2001),12 pheromondrapswereused:onetrap
in the centerof orchardB1, oneinside B2, onein a groupof abandone@ppletreesnear
the orchardspnehungon a peartree,oneon a servicetree,oneon a walnuttree,andsix
locatedin areassurroundingthe orchards. Distanceshetweenary two trapsvariedfrom
47 to 448 m. During the secondyear(2002),16 trapswereused:two trapsinsideB1, one
insideB2, onein a groupof abandone@ppletreesnearthe orchardspnehungon a pear
tree,oneon a servicetree,oneon awalnuttree,andnine placedin the surroundingareas.
Distancedetweenary two trapsvariedfrom 47 to 460 m; the distancebetweerthe two
trapslocatedinside eld B1 was81 m (Fig. 3).

Spatial analyses

Dispersionindex Thetrap catchpatternsof adultmalepopulationsof C. pomonellafor
eachweeklycountweredescribedisingtheIndex of Patchines$27). Theaggre@ationrate
of apopulationis rst calculatedby the Index of MeanCrowding, X, which indicatesthe
possibleeffect of mutualinterferenceor competitionamongspecimensTheoreticallythe
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index measureshe meannumberof otherindividuals per individual in the samesample
site,in our caseconstituteddy a singletrap:

S2
X=x+(— 1
(& D

wherex ands? arethe samplemeanandthe samplevariance respectrely. The Index of

Patchinesss expressedstheratio of theIndex of MeanCrowding to thesamplemean: ..
Lloyd introducedthe Index of Patchinesdecausehe meancrowvding is highly dependent
upon both the degree of aggreation and the populationdensity With this measureof
dispersionpatchiness< 1 indicatesa randompattern,patchiness= 1 indicatesa uniform
pattern,and patchiness> 1 indicatesa clumpedpattern. The Index of Patchinesswvas
appliedto weekly catchdatawith the exceptionof thoseweekswith themaximumnumber
of insectsfoundin atrapequalto 1.

GeostatisticalanalysesT he spatialanalysesf datawere carriedout using Variowin
version2.2 (29). Spatialdependencamongobsenationswasexaminedusingomnidirec-
tional covariancefunctions. To reacha descriptionof the spatialvariability characterized
by lower valuesat smallerlag spacing,the averagedistancebetweentwo adjacentraps
wasused:120m in agro-ecosysterA and60 m in agro-ecosysterB. The shapeof spatial
continuitypro les wasdescribedy themodelthatprovidedthebestgoodnessf t, among
theequationgrovided by the software.

The spatial characterizationshat were obtainedwere applied next as mathematical
modelsto interpolate obsened values within the consideredareas; the interpolation
algorithmemployedwaskriging. All proceduresveredoneusingSurferversion8.02(14),
with x,y representinghe spatialcoordinatesindz the catchdata.By interpolatingz values,
the software producesa grid of valuesfrom which is dravn a two-dimensionakontour
map, which revealsthe con guration of the surface by meansof isolines representing
equalz values. The cell size of the grid, correspondingo the arearepresentedby each
samplepoint, wassetto abouthalf theminimumdistancebetweertwo traps:40 min agro-
ecosysten and23 m in agro-ecosysterB. Contourmapswereoverlaidontoabasemap
of the studyareawith the samecoordinatesystem.

The rst yearof suneys, regardedasa preliminary startingpoint, wasexcludedfrom
spatialelaboration. Geostatisticatools were appliedto the dataset obtainedfrom two
different maps: (i) a map referring to single ight periods (2001 and 2002 for agro-
ecosystenf, 2002for agro-ecosysterB); and(ii) a mapshaving the sumof two weekly
pheromonerapcounts(2002for bothagro-ecosystems).

Before spatial characterizationfrap catchesusedto obtain single ight mapswere
convertedto catchprobabilitiesby meansof indicator kriging, following Brenneret al.
(5). Thetrapcountsareorderedn descendingnannerandexpressedsproportionsof the
pooledcatchesAn indicatorscoreof “1” is givento all trapswith adultmalecodlingmoths
thatexceeda critical proportion,ascoreof “0” to theremainingtraps.Theinterpolationof
thesez valuesproduces contourmapwith isolinesrangingfrom Oto 1. In ouranalysesthe
critical proportionwassetat80%but modi ed to ensurghatthesamendicatorscoresvere
assignedo trapswith equalcatchnumbersWhile theinterpolationsof catchdatarepresent
graphicallytheabundanceandthe spatialdistribution of adultmalepopulationsof codling
mothovertime, theindicatorscoreenablegheidenti cation of areaswith importantinsect
densitiedy minimizing the effect of unusuakrap counts(34).
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RESULTS

Fig. 4. Agro-ecosystemA. Samplecovariancefunctionsof the pheromonerap catchesof adult
codling moth. In eachgraphic,jhj indicatesthe lag interval, expressedn meters;C(0) - C(jhj)
representshe autocwarianceestimator expresseds the differencebetweenlag varianceandlag
covariance.
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Fig.5. Agro-ecosystem. Contourmapsof adultmalecodlingmothdistributionby meanf kriging

appliedto cumulatedoheromondrap countsin the eightintervals of 2002( = traplocation;other
symbolsasin Fig. 1). In eachmap,labelsindicatethetwo datesof theweeklypheromonérapcounts
summedandthe number(n) of codlingmothstrapped.

Agro-ecosystenA

Dispersionindex Table 1 givesthe Index of Patchinesssaluesobtainedfrom weekly
codling moth catchdataduring the whole study period. In 2000, patchinesvaried from
1.3t0 6.0during ight 1, andfrom 1.9to 3.1during ight II. In 2001,valuesvariedfrom
1.3t0 6.7 during ight I, andfrom 1.1to 4.8 during ight II. In 2002, patchineswaried
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Fig. 6. Agro-ecosystenB. Samplecovariancefunctionsof the pheromonetrap catchesof adult
codling moth. In eachgraphic, jhj indicatesthe lag interval expressedn meters;C(0) — C(jhj)
representshe autocwarianceestimator expressedas the differencebetweenlag varianceandlag
covariance.

from 1.5t0 5.7 during ight I, andfrom 1.3to 3.3during ight Il. Thedispersiorof adult

malesamongpheromondrapswasclumpedfor all samplingdates.
Geostatisticalanalysis Resultsof the covariancefunction analysisare reportedin

Figure4 andTable2. In all caseghe exponentialmodelprovided the bestmathematical
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Fig. 7. Agro-ecosystenB. Contourmapsof adultmalecodlingmothdistributionby meanf kriging
appliedto cumulatedoheromondrap countsin the eightintervals of 2002( = traplocation;other
symbolsasin Fig. 1). In eachmap,labelsindicatethetwo datesof theweeklypheromonédrapcounts

summedandthe number(n) of codlingmothstrapped.

t (smallestindicative goodnes®f t). The estimatedange(distancebetweendatapairs
at which spatialindependenceés reachedyariedamongthe datasetsfrom 120to 225m,
exceptfor datareferringto 21.V + 28.V.2002,which hada rangeof 450m.
Contourmapsobtainedoy meansf indicatorkriging appliedto thecumulatve catches
found during each ight period,in 2001and2002,arereportedin Figure2. Thesemaps
illustratethatthe highestmalepopulationfoci werecon ned to theappleorchardsAl and
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A2 andwere always well separated.However, the distribution patternobsened within
orchardAl appearedo differ in both sizeandlocationof foci amongsamplingyearsand
betweenights within the sameyear

TABLE 1. Agro-ecosysten. Pheromonerap catchesof adult male codling mothsand Index of
Patchinesseferringto weekly samplingdate(2000—2002)

Flight| Flight Il
Samplingdate Trapcatches Patchiness Samplingdate  Trap Patchiness
catches

2000
5.V 7 3.9 7.Vl 3 -
12.v 22 3.6 14.Vvil 38 3.1
19.v 64 3.6 21Vl 39 1.9
26.V 25 4.4 28.VIl 45 2.8
2.VI 17 5.8 4.Vl 82 2.3
9.VI 2 - 11.vi 105 2.2
16.VI 4 6.0 17.Vi 92 21
23.VI 5 1.3 25.VII 36 2.0
30.VI 3 3.6 11X 16 25

2001
27.vV 1 - 13.VII 6 11
4.V 6 6.7 20.VII 31 3.0
11.v 18 2.6 27.V1l 5 1.6
18.v 35 2.3 3.Vl 10 4.8
25V 10 2.8 10.viil 23 4.2
2.VI 33 2.9 16.VIil 15 14
8.vi 44 3.4 24 VI 40 3.8
15.vI 60 2.9 31.VII 6 3.3
23.VI 23 3.0 7.1X 3 4.4
29.VI 19 2.8
6.VIl 8 1.3

2002
3.V 1 - 19.VII 22 2.2
10V 2 - 26.VII 15 1.3
17.v 12 1.7 2.Vl 5 -
24V 24 4.2 9.vill 41 3.3
3LV 11 1.7 16.VIil 41 2.2
7.VI 28 5.7 23.VII 84 2.1
14.VI 10 15 30.VII 19 21
21.VI 10 5.0 6.1X 5 2.0
28.VI 15 2.7 13.1X 3 -
5.Vl 7 2.0 20.1X 2 -

Figure5 shavsthetrap captureobtainedor eachof the eightsamplingperiodsduring
2002.Throughoutheyear evenif isolinesencompassedreaoutsideapple elds Al and
A2, individualswereonly occasionallycapturedn trapsbetweem1 andA2 andin or near
otherabandonedppletrees peartrees servicetrees,andwild servicetrees.For example,
in thesamplingperiodof ight Il with thehighesihumbersf malecodlingmoths(16.VIlI
+ 23.VIII), it is possibleto distinguishaninfestedzonethatdoesnot comprisetheorchards
andis locatedneara groupof servicetrees.This samplesiteis about130m from the eld
Al. Thetrapplacedbetweertheapple eld andservicetreesdid notcollectany adultmale
codlingmoths.
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Agro-ecosystenB

Dispersionindex TheIndex of Patchineswaluescalculatedrom weekly codlingmoth
catchdataduring2001and2002arereportedin Table3. In 2001, patchinesvariedfrom
1.3to 2.9during ight |, andfrom 2.4to 5.5during ight II. In 2002,valuesvariedfrom
3.3to 7.5during ight I, andfrom 0.8to 5.1during ight 1l. Thedispersiorpatternof C.
pomonelleamongtrapswasclumpedfor almostall samplingweeks.In fact,we have found
only thesamplingdate30.VI111.2002hada patchinesgessthan1 (0.8),indicatingarandom
distribution.

GeostatisticabnalysesResultsof the covariancefunction analysisfeportedin Figure
6 and Table4, showv thatthe exponentialmodelprovided the bestmathematicalt in all
casesonsideredTheestimatedangevariedamongthe datasetsfrom 85to 187m.

Figure 3 shawvs the contourmapsobtainedby geostatisticahnalysesarriedout using
indicator kriging appliedto the cumulatve catchesof each ight periodin 2002. The
greatesportion of adultmalescapturedvasfoundto belimited to two zones:(i) orchard
B1 andthe next groupof appletrees,and(ii) the zonein which therewerescatterecear
trees,servicetreesand walnut trees. Thesetwo main high populationfoci were always
well separatedComparingthe obsereddistribution patternin eachight period,thearea
encompassebly the contoursappearedo increasealuring ight II.

Thecontourmapsdrawn for theeightsamplingintervalsof 2002arereportedn Figure
7. Therepresentedapturepatternscon rmed thatthe highestabundancdoci of the male
populationwerecon ned to orchardB1 andthe next groupof appletreesandto the zone
with peartrees,servicetreesandwalnuttrees.Maleswererarely capturedn orchardB2.
During ight I, in thesamplingperiodwith highesthumberof catcheg16.VIII + 23.VIII),
the male codling moth populationappearedo have the mostextendeddistribution, with
isolinesencompassingreasoutsidethe two mostinfestedzones,but only occasionally
weremothsfoundin trapsbetweerthem.

TABLE 2. Agro-ecosystenf. Model (exponential)and parametersbtained tting the covariance
functionsof the pheromonerap catchef adultmalecodlingmoths

Samplingdate Nugget Range Sill Indicative
goodnes®f
t
Flight I, 2001indicator 0 184 0.17 8.33e 3
Flight 11, 2001indicator 0 142 0.23 7.15e 2
Flight I, 2002indicator 0 144 0.21 5.89e 2
Flight 1, 2002indicator 0 202 0.24 3.96e 2
10.V+17.V 0.06 174 1.0 2.96e ?
24.V+31V 0 180 7.0 5.55e 2
7.V +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 3.38¢e 2
2.VII + 9.Vl 0.44 120 9.2 1.12e 2
16.VIII +23.VIII 1.30 225 3.7 5.76e 2
30.VIII +6.1X 0.10 180 2.1 1.25e 2
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TABLE 3. Agro-ecosystenB. Numberof pheromondrap catchesf adultmalecodling mothsand
Index of Patchinesseferringto weekly samplingdates(2001-2002)

Flight | Flight Il
Samplingdate Trapcatches Patchiness Samplingdate  Trap Patchiness
catches
2001
24.v 3 2.7 12.Vii 1 -
1Vi 5 29 19.VII 6 2.7
7.VI 6 1.3 27.V1l 1 -
15.VI 25 2.0 2.Vl 10 3.8
21.VI 2 - 10.Viil 27 4.0
28.VI 2 - 16.VIlI 22 24
24Vl 57 55
31.vil 2 -
7.1X 3 -
2002
2V 1 - 12.VIi 1 -
CAY 1 - 19.VII 3 2.0
16.V 3 2.0 26.VIl 5 5.1
24NV 8 7.5 2.Vl 0 -
31V 14 35 9.vill 18 2.2
7.VI 21 6.0 16.VIlI 19 2.3
14.VI 12 33 23.VII 15 2.3
21.VI 4 4.0 30.VII 9 0.8
28.VI 5 3.8 6.1X 6 2.7
13.1X 0 -
20.1X 1 -

TABLE 4. Agro-ecosystenB. Model (exponential)and parametersbtained tting the covariance
functionsof the pheromonerap catchef adultmalecodlingmothsin 2002

Samplingdate Nugget Range Sill Indicative
goodnes®f
t
Flight | 0 187 1.9 7.24e ?
Flight Il 0 128 0.3 1.57e 1
9V+16.V 0 85 0.4 5.85e 2
24N +31V 0 123 7.8 4.39e ?
7.VI +14.VI 0.57 184 215 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 !
2.VII +9.VIII 0.03 125 3.0 6.85e 2
16.VIIl + 23.VIII 0.60 105 8.0 4.82e ?
30.VIII + 6.1X 0 152 2.0 5.88e 2

DISCUSSIONAND CONCLUSIONS

Onthewhole,thedispersiomatternsof pheromondrap catchefoundby meansof the
Index of Patchinessndicatethatmalepopulation®f C. pomonellavereusuallyaggreated
in particularportionsof our studyareas.

Consideringthe geostatisticatesults,in our experimentsthe contourmapsprovided
sucha clearand valuablegraphicaldescriptionof the foci that the numberof sampling
points,nothighenoughto have arobuststatisticalestimateof spatialvariability (32),is not
regardedasanissue.On the otherhand,the numberof trapsdeplo/edin the experimental
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areawasthe resultof evaluationsconcerningthe propertiesof pheromondrapsusedin
the monitoring, with particularattentionto the densityat which individual trapsstartto
interferewith eachother Field studiesof tortricid pestshave shavn that trapshave a
rangeof attractionof 300m or more,but in mostpracticalcasesa distanceof 50 m canbe
sufcient to preventonetrap from “poaching'mothsfrom the plume of anothertrap (20).
Besidesto obtaina goodspatialrepresentatiorBrenneretal. (5) suggestedhattheideal
trap densityfor spatialrepresentatioshouldbe suchthatthe distancebetweentrapsdoes
notexceedthemaximumresponselistance Thereforethe numberof samplingpointswas
limited to avoid the appearancef falsehot spotsor distribution alteration,dueto severe
interferenceof traps,particularlybetweerinsideandoutsidethe orchards.

Most of theadultmalescapturedverefoundinsidethe productive appleorchardqA1l,
A2 andB1) in boththeagro-ecosystenstudied.Theexceptionwasin studyareaB, where
high trap catchfoci alsooccurredin the group of appletreesnext to the orchardsandin
thezonein which therewerepeartrees servicetrees,andwalnuttrees mainly aroundthe
walnuttreelocatedn thecerealeld. Onlyin averyfew samplingweeksdid trapson other
hostplants— especiallythosesituatedn woodlotsbut alsoin the cereal elds — catchmale
C.pomonella

The mainhot spotswerelocalizedinsideboth agro-ecosystermandtheir positionsdid
notappeato changeduringasingle ight period.In addition,thehighesipestdensityzones
wereisolatedfrom eachother andonly in afew sporadiccasesveremalescountedn traps
locatedoutsidethesezones. This distribution might indicatea low dispersakapability of
codling moth malesduring the ight period, but evidenceof sucha situationshouldbe
furtherinvesticated.

Several eld surweys have demonstratedariationin ight behaior of the codling
moth populations,with only a small proportion of malesundertakinglong ights, and
single individuals moving up to 8.7 km or 11 km (17,28). Recentight mill studies
under laboratory conditions shaved the capacity for high mobility of adult male and
femalecodlingmoths(11,22,33).0ur researctsuggestshat malecodlingmothsmay not
disperseasfar asearlier studiesindicated,perhapsdueto landscapdeaturesin uencing
the tendeng to disperse. The propensityfor movementof male codling mothsmay be
very low outsidethe main suitablehabitatsand this may reducethe potentialfor males
to migrateto host plantsscatteredn the sampledagro-ecosystemever the shorttime
periodswhen ight activity occurs.As resultsdid not provide directindicationsaboutthe
dispersahbility of C. pomonellatheseconsiderationshouldbe limited to our particular
ervironmentalconditions.

Theresultingdistribution patternf codlingmothpopulationsappeato bedetermined
by thelocationsof the mostimportanthostplants. Thezoneswith the highestcatchesvere
thosein which the availability of fruits to be usedaslarval developmentsitesis almost
continuousrom oneyearto the other;in fact, otherhostplantsinsidethe two studyareas
hadalow andvariableproductionof fruits for eachyear Thedistribution of C. pomonella
in theseheterogeneouagro-ecosystemappearsto be structuredlike metapopulations
asde ned in Gutierrez(15), with only a minimal numberof dispersingindividuals that
connectiocal populationsbetweerthe high densityzones.

The informationobtainedusinggeostatisticatools canbe utilized to improve the pest
managemeniethodsemployed in appleorchardslocatedin heterogeneoundscapes.
For the last 40 yearsthe control of C. pomonellahas beenachieved primarily by the
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frequentapplicationof organophosphatimsecticideslike azinphosmetyl (31). Adoption

of IPM programsreatesneedo controlthecodlingmothmoreselectvely. Thisapproach
necessitatea shift to alternatetechnologies:biological control agents- mainly Bacillus

thuringiensisBerliner and granulosisvirus (9,19,30,35) mating disruption(7,18,21,24),
attract-and-kill(8,25,36),and sterile insecttechnique(2,12). Succes®f mary of these
techniquesrequires,as a preliminary condition, a low immigrationrate into an infested
zone(11,39).Also precisionlPM tactics directedo thereductionof pesticideinput, would

beeffective in asystembaseddn a patchstructureof thelandscap@andlow mobility of the

pest(13).

Consequentlyary elementthat canin uence movementof the codling moth from
surroundingareasnto appleorchardshothbehaioral aspect@ndlandscapdeaturessuch
asthe presenceof potentialsourcesof externalinfestation(wild hostplantsor isolated
appletrees)and of corridors/barrierdbetweenpatchesmustbe examinedin detail. For
example, the low mobility of the codling moth suggestdhat strips, free of host plants
aroundorchards,may be an effective managementactic. A strip at least100 m wide
is reportedto be an effective barrieragainstimmigrationfrom infestedzones,into either
commerciabrchardsor matingdisruption eld trials (7,23). However, this barrierwasnot
foundadequatén someothertrials (39). In our casescereal elds anduncultivated elds
withoutary hostplants, 200m wide,couldbeanef cient barrierto thecrossingoetween
the highestmale populationfoci, but no further informationaboutthe femalepopulation
can be inferred. On the basisof our results,adequateknowledge aboutthe landscape
featuresthat can affect the dispersalbehaior of insectpests,on a local scale, should
be consideredan essentiaprerequisitefor IPM programs andresultingindicationsmust
be incorporatedin developing effective monitoring stratgies andin planning precision
tamgetinginterventions.
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