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Geometric Morphometric Study on Geographic Dimorphism of Codling Moth Cydia pomonella
(Lepidoptera, Tortricidae) from North West of Iran. Khaghaninia S., Mohammadi S. A., Irani
Nejad K. H., Zahiri R. — During years 2003—2004, nine geographical populations of codling moth
Cydia pomonella (Linnaeus) from 4 north western provinces of Iran were collected. By preparing
575 images from fore wings and 564 from hind wings, a total of 15 and 11 landmarks were determined
for fore and hind wings, respectively. With transforming of landmark’s geometrical data into partial
warp scores, 26 and 18 scores were obtained for fore and hind wings, respectively. Canonical correla-
tion analysis (CCA) revealed significant correlation between environmental parameters and wing shape
variables. Among environmental parameters, wind speed showed the highest correlation with wing shape
variables whereas, the correlation between latitude, relative humidity as well as amount of precipitation
and wing shape variables was low. Considering the effect of various environmental parameters on wing
shape, wind speed was determined as important parameter affecting geographic dimorphism. Among
the populations collected from different regions, two geographic population pairs; Meshkinshahr-
Mahneshan and Zandjan-Khoramdareh were selected as representative of low and high windy regions,
respectively. Relative warp analysis (RWA) of fore and hind wings shape variables in the areas with high
and low wind showed shorter and wider fore wings as well as slender and narrower hind wings in pop-
ulations from high windy regions compared with populations from low wind regions. Centroid size of
fore and hind wings in high windy area populations were smaller compared with those from low windy
ones as revealed by t-test. The results showed aerodynamic shape and small size of wings are as adapt-
ed traits for powerful flight and its control in high windy regions.

Key words: codling moth, Cydia pomonella, geometric morphometry, weather factors, morphologi-
cal variation, geographic dimorphism.

I'eomeTpuyeckn-mMophoMeTpHIECKOe HCCIEeI0BaHKe reorpaduyeckoro quMopdus3Ma s0JI0HHOI MI0I0XKOP-
ku Cydia pomonella (Lepidoptera, Tortricidlae) B ceBepo-3amagiom WMpane. Kxar-xanmnma C.,
Moxammanu C. A., Upann-Hemxkan K. H., 3axupu P. — B teuenue 2003—2004 rr. Obut cOOpaHbI
9K3EMIUISIPDbl  JIeBITU TreorpaduyeckKux IMOMyasuuil s6goHHON 1iomoxopku Cydia pomonella
(Linnaeus) B 4 ceBepo-3amaaHbiXx npoBuHLMsIXx Mpana. Bcero 15 u 11 MeTOK mepemHUX M 3aIHUX
KPbLIbEB COOTBETCTBEHHO ObLIM OMpeaeIeHbl MPU MOATOTOBKE 575 M300paKeHU MepeaHUX KPbLIbeB
n 564 u300pakeHMil 3aMHUX KPbUIbEB. 26 TMOKa3aTteseil AIs MepeaHuX KpbUlbeB M 18 — st 3aaHuX
ObUIM TOJIyYeHbI MyTeM TpaHchoOpMallMM MCXOIHBIX TI'€OMETPUUYECKMX JIAaHHBIX METOJOM YacTHOMU
nedopmany. KaHOHMUYECKMIT KOPPEISILIMOHHBIM aHaIu3 00HAPYKMBAeT 3HAUUTEIbHYIO KOPPEsLIUIO
MEXIy TapaMeTpaMM OKpyXalollleil cpeabl M BapuadeJbHOCTbIO (opMbl KpblUlibeB. M3 mapameTpoB
OKpYXalollei cpeibl OTMeUYeHa HauboJIblIasi KOPpessiusl CKOPOCTU BeTpa M BapuadebHOCTH (HopMbl
KPBbUIBEB, TOIIA KaK KOPPEJSILMsSl MEXIY IIMPOTOM, OTHOCUTEIbHOM BJIaXKHOCTbIO, KOJIMUYECTBOM OCAlI-
KOB U M3MEHUYMBOCTBHIO (hOopMbl Kpblia Obula HU3KOM. [IpuHMMasi BO BHUMaHuUe BIMSIHME Pa3HOOO-
pa3HbIX MapaMmeTpoB Ha (opMy Kpblla, CKOPOCTb BeTpa OblLIa orpe/eseHa Kak BaXHbIH dakTop, nei-
CTBYWOILMI Ha reorpaduueckuii numopdusmM. Ha ocHOBaHMM 3K3eMILISIPOB, COOpaHHbBIX B Pa3HbIX
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pervoHax Kak MpuMepbl PpeTMOHOB C CHJIbHBIMU M C1a0bIMUA BETpaMu, COOTBETCTBEHHO, ObLIU BhIOpa-
Hbl JIBe mapbl reorpaduyeckux mnomysiuuii: MeukuHinaxp-MaxHelnaHn U 3aHabssH-Kxopamnapex.
AHaJIM3 OTHOCHUTEJILHOTO MCKaXeHMsT (DOpPMbI MEPEHUX U 3aJHUX KPbUIbEB B 00JACTSAX C CUJIbHBIMU
U c1abbIMM BeTpaMu OOHApyXuJ Oosiee KOPOTKHME M IHMPOKUE TepeHMe KPbUlbs U Oojiee TOHKUE U
y3KMEe 3aJHUE KPbLIbsl B MOMYJSILMIX U3 PETMOHOB C 0oJiee CMIIbHBIMU BETpaMHU IO CPaBHEHUIO C
MPEACTABUTEISIMU TIOMYJISILMNA M3 PErrOHOB ¢ Oojiee clabblMM BeTpaMH. 3HAauY€HHUsl LEHTPOMIOB
MepeHUX U 3aTHUX KPbUIbEB B TOMYJISILMSAX U3 PETUOHOB C CHJIBHBIMM BeTpaMHu ObUIM MEHbILE, 10
CPaBHEHMIO C TAKOBBIM M3 PETMOHOB CO CJa0bIMU BEeTpaMM, KakK ObLIO MPOBEPEHO IO KPUTEPUIO
CrolofeHTa. Pe3yibraTbl MOKa3bIBaIOT, YTO adpoArHaMuueckass ¢hopma M Masiblii pa3Mep KpbLUIbeB —
aJlafTallMOHHblE OCOOEHHOCTHU ISl CUJIBHOTO TMOJIETa U YIpaBJieHUs] UM B pailoHaX ¢ CUJIbHBIMU BET-
pamu.

KnwoueBbie cnoBa: sioaoHHas riomoxepka, Cydia pomonella, reomerpuueckast MOphOMeETpUs,
roroHbIe (hakTophl, Mopdosornueckast Bapuanusi, reorpadudecKuii TMMophU3M.

Introduction

More than half of the animal described species are insects (Groombridge, 1992). Therefore, under-
standing patterns and processes of biological diversification are central importance in evolutionary biology
(DeVries et al., 1997). Study of phenotypic plasticity or biodiversity has attracted interest of most biologists
ever since Darwin (Hood, 2000 and Bernardo et al., 2007). Morphological diversities including seasonal and
geographic dimorphisms can be related to fitness and thus are a possible target of natural selection (Kemp,
2001 and Bernardo et al., 2007). Wing shape deformations have been important subject in studying of geo-
graphic forms of intra species evolution (Adams and Funk, 1997 and Kunkel, 2001).

Geometric morphometrics offers a new and powerful method for studying of intra species geographic
dimorphism or biological forms (Hood, 2000). The shape of organism is very stable and has high heredity,
therefore, study of overall shape similarity is known as an accurate way against quantitative estimations for
investigating phylogeny as well as study of shape variability in biological forms (Bookstein, 1989; Rohlf,
1990). The population diversity of Neochlamisus bebbianae as well as Chilo suppressalis were studied by means
of geometric morphometrics in north part of America and north part of Iran, respectively (Adams and Funk,
1997 and Zahiri et al. 2004).

Insect flight performance, dispersal and resource exploitation are pervasively affected by environmen-
tal parameters such as wind speed, temperature, relative humidity and elevation (Lambert, 1972, Epila, 1988,
Pasek, 1988 and Jones, 2003). The foraging activity of pollinator insects in relation to weather factors like
ambient temperature, relative humidity, wind speed and solar radiation was studied through various investi-
gations and significant correlations were found between pollination activity and environmental factors (Szabo,
1980 and Narcis and Jordi, 2000).

The objectives of the present study were to study the correlation between environment parameters and
wing shape variables as well as to estimate wing shape and size deformations in geographic codling moth pop-
ulations from northwest of Iran.

Material and methods

Nine populations were collected from nine regions spanning north west of Iran: East Azarbayjan (four
populations), West Azarbayjan (one population), Ardebil (one population) and Zandjan (three populations)
during 2003 and 2004. The populations were collected from a number of sites within each region based on
the span areas. To eliminate the effect of host in discrimination of populations, all the specimens were col-
lected from only golden apple orchards. The specific specimens from each geographical population were ran-
domly selected from moths pooled across collecting sites within a given region. Sampling of fifth instar lar-
vae was carried out by single face cardboard fastened around the apple trees at 30 cm distance of ground.

For studying wing shape, the collected larvae were reared in rearing dishes separately for each region
under laboratory conditions at 25°C, 60% relative humidity and 16/8 (light/dark) photoperiod. After unisti-
tation of emerged adults, they were mounted by 00 mounting needles. Permanent slides of fore and hind
wings were prepared following Borror et al. (1989) and transformed to digital images (table 1).

By selecting homologous spots as landmarks, 15 and 11 landmarks were chosen from fore and hind
wings, respectively (fig. 1). Based on Bookstein’s (1989) classification, all the landmarks were type I repre-
senting meeting points of wing veins and their attaching points to wing’s margin.

Two-dimentional coordinates data for mentioned landmarks were performed from all the studied spec-
imens using a Leica stereoscopic microscope, image analyzing system, and Tpsdig software (Rohlf, 1990). By
transforming the row coordinate data into shape variables and partial warp scores, 26 and 18 scores were
obtained for fore and hind wings, respectively. Canonical correlation analysis was performed to analyze cor-
relation between climate parameters and shape variables of fore and hind wings of both sexes in geographi-
cal populations using STATISTICA 5.5 software (Moghaddam et al., 1994). Relative warp analysis (RWA)
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Fig. 1. Fore and hind wings of Cydia pomonella with landmarks’ positions on them.

Puc. 1. Ilepennee u 3anuHee kpwiio Cydia pomonella ¢ IONIOXEHUEM OMO3HABATEIBHBIX TOUEK Ha HUX.
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Table 1. Number of fore and hind wing images taken from various geographic populations of codling moth
Taoauua 1. KoimyecTBo u300pakeHnii nepeqHuX M 3aJHAX KPbUIbeB SIOJOHHON MUIONOKOPKH M3 Pa3iIMYHBIX

reorpauyecKnx MOMyIAIMin

Population Fore wing Hind wing

female | male | total female | male | total
Mianeh 24 27 51 21 21 42
Salmas 22 26 48 21 25 46
Zandjan 34 31 65 32 30 62
Zunuz 27 27 54 40 29 69
Khoramdareh 31 18 49 31 24 55
Meshkin Shahr 14 22 36 16 22 38
Shabestar 31 23 54 31 28 59
Marageh 32 28 60 35 35 70
Mahneshan 29 28 57 23 28 51
Total 244 230 474 250 242 492
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was carried out and wings relative variations in various geographic populations were determined by software
tpsrelw. The wing centroid size of male and females of the studied populations were estimated and t-test was
used to test the effect of geographical conditions on wing centriod size by SPSS 14.0.

Results and discussion

Two-way multivariate analysis of variance (MANOVA) based on all shape vari-
ables in fore and hind wings revealed indicated significant differences among popula-
tions as well as sexes at least for one the shape variable. The non-uniform variables were
more effective in differentiation of geographical population especially due to hind wing
compared with uniform one (Khaghaninia et al., 2008).

Mean annual weather data of studied areas are indicated in table 2. Canonical cor-
relation analysis revealed significant correlation between fore wing shape variables and
environment factors in both sexes except relative humidity and longitude in males
(table 3). Among environment factors, wind speed showed highest correlation with wing
shape variables in both sexes whereas relative humidity and elevation showed low cor-
relations with environmental factors.

Correlation between environmental factors and fore wing shape variables as well as
their effectiveness on fore wing deformations in females was greater than males. Various
studies demonstrated longest flight capacity of female codling moth in individual flight
as well as life time compared with male. This is in agree with more wing effectiveness
and deformations of females in comparison to males (Mani et al., 1995, Schumacher
et al., 1997, Dorn et al., 1999 and Voigt et al., 1999)

Table 2. Mean annual climate data of studied regions
Tadnuna 2. Cpeaneronosbie KIMMATHIECKHE JAHHbIE HCCJIEI0BAHHBIX PETHOHOB

Sampling area Longitude Latitude Tempee Crature, hul:ildaittl;’e % ::(illl:l lttjur:an: Elevation, m kadms/[;eed,
Salmas 38.13 44.51 12.0 57 215.3 1337 6.111
Zunuz 38.45 45.75 11.1 56 415.1 1710 9.863
Marageh 37.24 46.16 12.9 49 322.4 1477.7 10.503
Mianeh 37.27 47.42 13.7 51 282.1 1110 8.711
Shabestar 38.11 45.41 - - - 1452 -
Mahneshan 36.46 47.40 14.6 48 275.7 1282 10.558
Zandjan 36.41 48.29 11.0 54 313.1 1663 7.191
Khoramdareh 36.11 49.11 11.9 51 301.1 1575 11.480
Meshkin shahr 38.23 47.40 10.7 60 383.9 1568.5 5.157

Table 3. Canonical correlation coefficient between environment parameters and shape variables of codling
moth fore wing in both sexes

Taonuna 3. Koadduuuent KaHoHMIeCKOi KOpPpeJsiiu napaMeTpoB OKpyKamoueii cpeabl 1 (opMbl H3MEHYH-
BOCTH NEpeaHUX KPbLIbEB S0JJOHHO IJ10A02KOPKH 000HX 10J10B

. Shape variables of female fore wing Shape variables of male fore wing
Climate parameters
Re | P value percentage Rc | P value | percentage
Longitude 0.456 0.00891 4.03 0.369 0.347 4.48
Latitude 0.470 0.00371 5.23 0.461 0.0094 4.10
Temperature, °C 0.494 0.00067 4.06 0.440 0.029 3.09
Relative humidity, % 0.494 0.00068 5.70 0.378 0.282 4.30
Precipitation amount, mm 0.469 0.00383 5.52 0.518 0.00016 6.15
Elevation, m 0.520 0.000075 4.68 0.487 0.0017 5.30

Wind speed, km/h 0.719 0.000000 9.93 0.694 0.000000 8.31
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Table 4. Canonical correlation coefficient between environment parameters and shape variables of codling
moth hind wing in both sexes

Taonuna 4. Koaduupenr KaHOHMIECKO# KoppeJsiuus napaMeTpoB OKpy:Kamomeii cpenst U ¢gopMbl H3MEHYH-
BOCTH 3a/IHUX KPbLIbeB Y SI0JIOHHOM TJIOI0KOPKH 000MX MOJIOB

Climate parameters Shape variables of female fore wing Shape variables of male fore wing
Rc | P Value | percentage Rc | P Value | percentage

Longitude 0.528 0.000001 5.09 0.537 0.000001 4.58
Latitude 0.556 0.000000 5.79 0.552 0.000000 4.74
Temperature, °C 0.426 0.000378 4.49 0.453 0.000241 3.89
Relative humidity, % 0.433 0.000743 5.84 0.478 0.000028 5.75
Precipitation amount, mm 0.543 0.000013 5.48 0.545 0.000000 7.32
Elevation, m 0.454 0.000155 4.44 0.456 0.000184 5.24
Wind speed, km/h 0.661 0.000000 10.72 0.578 0.000000 9.42

The trend of correlations between environmental factors and hind wing shape vari-
ables were similar to those for fore wing as revealed by canonical correlation analysis,
but the amount of correlation coefficients were higher except for elevation (table 4).

RW RW

RWI1
*83
*146
Low windy
areas Low windy
areas
*130 26 *2m
Fore wing

Low
windy
areas

High
windy
areas

Hind wing
Fig. 2. Distribution of codling moth geographic populations through RWA by means of landmarks: females
(right); males (left).

Puc. 2. PacnipoctpaHeHue reorpacuyecKux IMOMYJISIMI SIOJJOHHOM TUIOMOXKOPKHM COTJIAaCHO aHaju3y OTHO-
CHUTEJIBbHBIX OTKJIOHEHMII C TIOMOIIBI0O METOK: CaMKH (CIpaBa); caMIibl (cjeBa).
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The influence of wind speed on taking off, landing, recognition of flight trout and
its control was repetitively reported. In high windy areas or at windy times, the flying
insects accumulate leeward of windbreaks as compared with unsheltered sites (Epila,
1988; Pasek, 1988). Lambert (1972) by studying the effect of wind speed and temper-
ature on locusts flight found that insect’s flight was inhibited at conditions with high
wind speed and the temperature below 19°C.

The discrimination of different geographical populations based on RWA using fore
and hind wings shape variables were shown in figure 2. Due to various direct and indi-
rect effects of environmental factors on wing shape deformations, incomplete discrim-
ination between geographical populations was observed. Because of the highest corre-
lation between wind speed among environmental factors, the fore and hind wings defor-
mations were studied on two pair populations.

RWA based on fore and hind wings landmarks of Meshkinshahr (Mes.) and
Mahneshan’s (Mah.) populations as candidate of low and high windy areas, respective-
ly revealed well discrimination especially for hind wing (fig. 3). The discrimination pat-
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Fig. 3. Distribution of Meshkin Shahr and Mahneshan’s codling moth populations through RWA by means
of landmarks: females (right); males (left).

Puc. 3. PacnpocrpaHeHue TONYJISLMIA SIOJIOHHON IIOAOXOPKM U3 mnonyasuuii MemkuH Ilaxp u
Maxneuian yepe3 RWA ¢ nomoiipio MeTok: caMku (CripaBa); camiibl (cieBa).
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Fig. 4. Overall deformations in fore wing’s (right) and hind wing’s (left) shape of codling moth: A — pop-
ulation of Meshkin Shahr; B — reference shape; C — population of Mahneshan, Numbers show the land-

marks.
Puc. 4. BcecroponHnsisa pecdopManuvs B (opMme 3agHUX KPBUIbEB (ClieBa) U TEepeAHUX KPBUIbEeB (CIIpaBa)

SIOJIOHHOM TUIOH0XOpKU: A — monyissiuus u3 MemxkuH-11laxp; B — cranmaptHas ¢opma; C — OIS
u3 MaxHelllaH, HOMepa MOKa3bIBalOT OMO3HABA-TEIbHBIE TOYKHU.

terns of these populations were different in view point of fore and hind wings land-

marks.
Overall wings shape deformation compared with reference picture is showed in fig-

ure 4. The results showed shorter and wider fore wing and also slender and narrower
hind wing in Mah. compared with Mes. population. Because of higher windy condition
in Mah. in comparison with Mes. (mean wind speed of 10.558 and 5.157 km/h, respec-

Table 5. T-test results of codling moth wing centroid size in Meshkin Shahr and Mahneshan populations
Taonuma 5. Pe3yabraTel mMpoBepKH pa3Mepa IEHTPOMAA KpbLIa y SIOJIOHHOM IUIOMOKOPKH W3 TMOMYJISIHiA
Memxkun [Ilaxp 1 Maxueman no kpurepuio CTbioJeHTa

. Number Centroid size
Wing Sex - - T
Meshkin shah | Mahneshanr | Meshkin shah | Mahneshanr
Fore Female 14 29 3.40 x 102 3.13 x 1072 1.024ns
Male 22 28 3.16 x 102 3.11 x 102 0.0005"
Hind Female 16 23 4.11 X 102 3.85x 1072 0.952ns
Male 22 28 3.89 x 102 3.41 x 102 5.226™

Note. ns — no significant difference.
[IpuMeyaHue. NS — HET 3HAYUTETBHBIX OTIIUYUIA.
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Table 6. T-test results of codling moth wing centroid size in Zandjan and Khoramdareh populations

Taonuna 6. PesynbTaTsl npoBepky pa3mepa HEHTPOMAA Kpbuia B momyiasiusx 3anabsina u Kxopamaapex no
kputepuio CtbloeHTa

. Number Centroid size
Wing Sex - - T
Meshkin shah | Mahneshanr | Meshkin shah | Mahneshanr
Fore Female 34 31 3.39 x 102 3.30 x 102 0.0028ms
Male 31 18 3.31 x 102 3.28 X 102 0.0002ms
Hind Female 32 31 4.68 x 102 3.92 x 102 8.043n
Male 30 24 3.04 x 102 3.84 x 102 0.521ns

Note. ns — no significant difference.
[IpumeuyaHue. ns — HET 3HAYMTEIBHBIX OTIMUMIA.

tively) presence of this adapted aerodynamic shape of fore and hind wings in Mah. pop-
ulation is predictable. Aerodynamic shaped wings enabled insects to powerful flight and
well its control in high windy areas (Epila, 1988; Pasek, 1988). Discrimination of
Zandjan (Zan.) and Khoramdareh (Kho.) populations as well as their wing shape
deformations based on RWA were similar to Mes. and Mah. populations with reduced
degree because of lower differences at wind speed between Zan. and Kho. areas (with
wind speed of 7.191 and 11.480 Km/h, respectively) compared with of Mes. and Mah.
areas.

In high windy areas (Mah. and Kho.), centroid size of fore and hind wings were
smaller than those in low windy ones (Mes. and Mah.) but the differences were not
significant as revealed by t-test. (table 5, 6). Insect’s small wing is an adapted charac-
teristic for orientation and controlling flight in windy regions (Kemp, 2001). Wing cen-
troid size differences between Mes. and Mah. were more than of Zan. and Kho. in
agreement with their differences at wind speed.

Sadeghi et al. (2005) studied population variation of codling moth in Zanjan and
Khorasan regions. They reported smaller wing in Zanjan Population compared with
Khorasan population. Increased longitude and decreased latitude (colder and more
humid condition) in Zanjan than of Khorasan could be the main reasons of these dif-
ferences. Alipanah et al. (1994) found elevation as affecting factor on wing size and
limited generations and opportunity for better feeding were known as factors contribut-
ing to bigger wing in elevated regions.
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