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Abstract. Intraspecific variation and sexual dimorphism in wing shape and size is common in winged insects. The exact patterns,
however, differ among taxa and are related to the selection pressure acting on specific traits. Cuckoo wasps (Chrysdidae) are
hymenopterans that have evolved a complex parasitoid or cleptoparasitic life-style. For the first time, we studied the intraspecific
variation in wing shape and size in the model species, Trichysis cyanea, a common Palearctic cuckoo wasp. This involved geo-
metric morphometrics combined with a novel, non-invasive way of obtaining images, to study the shape and size of the forewings
of males and females. We found clear sexual dimorphism in both wing shape and size, possibly related to fecundity (as wing size
typically correlates with body size in many insects) and increased manoeuvrability of females for searching for their host’s nest-
ing holes. This study increases our knowledge of the biology of T. cyanea in terms of a better understanding of the evolution of

parasitism and corresponding adaptations in this hymenopteran family.

INTRODUCTION

In pterygote insects, wing shape, size and venation vary
considerably at all taxonomic levels down to populations
(Grimaldi & Engel, 2005). These traits are under strong
natural selection, as they are directly related to flight per-
formance and thus determine foraging and dispersal ability
(Wootton, 1992; Bots et al., 2009; Johansson et al., 2009).
In addition, sexual selection also plays a role in some taxa
(e.g. Outomuro et al., 2016) and in particular at the in-
traspecific level, genetic variability and environmental fac-
tors potentially also affect wing morphology (Hoffmann &
Shirriffs, 2002; Loh et al., 2008; Outomuro et al., 2013).
Consequently, wing morphology and flight behaviour can
and do differ between closely related species (DeVries et
al., 2010; Suarez-Tovar & Sarmiento, 2016), among popu-
lations (Hassall, 2015) and between sexes (Breuker et al.,
2007).

Most studies on variation in wing shape in Hymenoptera
report at least some degree of sexual dimorphism in wing
size and/or shape between males and females, but sex-
dependent wing-size and the trajectories of sex-specific
differences in wing shape differ among species (e.g. Pre-
torius, 2005; Benitez et al., 2013; Petrovi¢ et al., 2014).
Chrysididae, or cuckoo wasps, is a worldwide distributed
family of parasitoid and cleptoparasitic Hymenoptera with
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around 3000 described species. They parasitize sawflies,
aculeate wasps and bees and in some cases also silk moths
and stick insects (Kimsey & Bohart, 1990). So far, there
are no reports of sexual dimorphism and/or intra-sexual
variation in wing size and morphology of any chrysidid
wasp. In the present study, we focus on one species of
Chrysididae, Trichrysis cyanea (Linnaeus, 1758). This is
a palearctic species and unlike many other cuckoo wasps,
has a broad range of hymenopteran hosts, belonging main-
ly to Pompilidae (7rypoxylon) and Crabronidae (Auplo-
pus and Deuteragenia) (Pauli et al., 2019; Wiesbauer et
al., 2020). A recent study (Frohlich et al., 2022) reports
sexual dimorphism in cuticular hydrocarbons in 7. cyanea.
Furthermore, female 7. cyanea express several markedly
different profiles of cuticular hydrocarbons, the reason of
which is still unclear, although adaptations (mimicry) to
different host species or signalling of the females’ repro-
ductive status have been hypothesized.

Here, using geometric morphometrics on photographs
of forewings taken with the aid of a newly developed tool
that can be used on type-material as it does not require the
removal of wings from specimens, we studied intraspecific
variation in wing morphology and size in 7. cyanea from
eastern Austria. These findings are discussed in the context
of the current state of knowledge of this species’ biology.
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Fig. 1. Detailed sketch of WOMBAT. ltems 1-3 are already commonly used by entomologists to fix a pinned insect for examination, e.g.
under a stereo microscope and to position wings horizontally: 1 — iron sphere (& 30 mm), 2 — drilled hole (& 10 mm) filled with foam, 3 —
short piece of pipe (inner & 20 mm); 4 — pinned insect. Items 5-8 were used to adjust the height of the paper platform: 5 — screw (M6),
6 — paper platform (detailed top view on the right with letters A—C), 7 — butterfly nut stuck to a thick disc made of paper, 8 — wooden block.
The paper platform (A—C) is used to completely cover the iron sphere or to mount differently shaped and coloured strips, which can be
adjusted as background for imaging the wings and can help with adjusting them: A — photograph mounting corners for the paper strip,

B — paper strip for, C — slot for complete covering of the iron sphere.

MATERIAL AND METHODS

Fifty-one individuals of 7. cyanea were collected in 2017 and
2018 in Eastern Austria and their cuticular hydrocarbons and
DNA barcodes were analysed (Frohlich et al., 2022). Thus, de-
tailed information on the specimens and the 14 sites sampled can
be found in Frohlich et al. (2022), on BOLD (www.boldsystems.
org; project-ID: BACHR), and in Fig. S1. The individuals were
collected from deadwood, insect nesting aids and tree trunks in
gardens, grassland or at the edges of forests. Only one of these
specimens of 7. cyanea (sample ID: DF014) was not used in the
present study because its wings were badly misshapen and fold-
ed. Overall, 27 males and 24 females were investigated.

The left forewing was digitized using a VHX-5000 digital mi-
croscope (Keyence, Belgium) fitted with a VHX-J20T-objective.
Magnification was x 50 and the photographs had a resolution of
1600 x 1200 pixels and included an internal scale. To circumvent
the removal of the forewings, we designed a new tool, Wing
Orientation & Manipulation and Bracket for Afterimage-Tool
(WOMBAT), that enables the in situ photographing of wings for
geometric morphometric studies (Figs 1 and S2).

An iron sphere filled with foam on a short piece of pipe is gen-
erally used by entomologists to adjust pinned insects for exami-
nation and determination. This item is combined with a second
tool we designed to have a height-adjustable platform providing
a standardized background and that allows for the wings to be
aligned horizontally. A similar device was used by Perrard et al.
(2012), but differed in that we did not use glass slides that were
clamped together. Instead, we used a platform, which is continu-
ously variable, to support the wings from underneath.

Fifteen landmarks and 43 semilandmarks on the photographs
of the wings were digitized (Fig. S3, Table S1).

All these steps were done by the same observer and in random
order. Nomenclature of the wing venation follows Wisniowski
(2015). Semilandmarks were located around the outline and along
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the veins. Only the outline between landmarks 4, 5 and 15 was
not covered with semilandmarks, because this edge was often
slightly damaged or not clearly visible in the photographs. All
steps in the geometric morphometric analysis were done using
tps-software packages (Rohlf, 2015). For digitizing, we used
tpsDig2 ver.2.31, with the photographs in random order. After-
wards, calculation of consensus, partial warps and relative warps
was done using tpsRelw ver1.69. Wing area was calculated using
tpsUtil 1.76. As the sample size is relatively small and the number
of (semi)landmarks (58 in total) is large, a principal component
analysis (PCA) was used to reduce the dimensions (equals rela-
tive warp analysis). Differences due to sex, locality and female
chemotype were tested using one-way PERMANOVA (Euclid-
ean similarity index) or t-tests. For calculating the p-value, 9999
permutations were used. Only the two most common chemotypes
sensu Frohlich et al. (2022) were included, as for the third chemo-
type only two samples were available. This and further statistical
analyses were done using Past 3.17 (Hammer et al., 2001). If not
stated otherwise, the default settings were used for computation.

To examine the effect of allometry on changes in shape and
whether this effect differs among sexes, we conducted a multivar-
iate analysis of covariance (MANCOVA) using tpsRegr verl.45
and landmarks as dependent variables, centroid size as covari-
ance and sex as the grouping factor. A significant sex X centroid
size interaction indicates that allometric slopes differ between
sexes (Zelditch et al., 2004).

RESULTS

The results indicate that male and female 7. cyanea
differ in both the size and shape of their wings and that
both sex and size influence wing shape and the extent to
which size effects wing shape differs between males and
females. In detail, the relative warp scores (Fig. 2A) for
wing shape separated, albeit with some overlap, the sexes
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Fig. 2. A — Plot of the relative warp scores 1 against 2. Males are indicated by blue squares, females by red crosses. The deformation
grids show the extreme values of relwarp1 (—0.0282, 0.535) and relwarp2 (—0.0220, 0.0453). B — Boxplots showing the differences in the

centroid sizes of the sexes of Trichrysis cyanea (blue — males; red

(PERMANOVA: p = 0.002 using relative warps 1 & 2).
The centroid size of the wings also differed, with males
being generally smaller than females (t-test: p < 0.001) as
shown in Fig. 2B). The variance in centroid size is larger
for females (0.512) than males (0.354), but the differences
are not significant (p = 0.362). The same results were ob-
tained for the analysis of wing area.

Analysis of the variation in shape and venation associ-
ated with variation in size of wings revealed a shift in the
position of central veins towards the distal area in large
wings and a relative extension of the discal cell, whereas
the discal cell is smaller relative to wing size and shifts
proximally in small wings (Fig. 3).

In addition, the pterostigma is broader in larger wings as
the distance between landmark seven and the outline in-
creases.

In general, a females’ wing is more oval-shaped than that
of males. The male wing tapers towards the distal front

Table 1. Results of the MANCOVA test of wing shape associated
with centroid size, sex and their interaction.

Effect Wilks' Lambda F p

Sex & centroid size 0.09559140 1.997 0.0101
Sex 0.24361922 2.866 0.0058
Centroid size 0.29988737 2.155 0.0313

— females).

edge whereas that of the female does not (Fig. 4). The re-
sults of the multivariate test for allometry can be found in
Table 1. These results show, that the differences in wing
shape and venation are due to both size and sex, as well as
their interaction.

There were no significant differences in wing shape
recorded for the two main regions sampled; eastern and
southern Austria (PERMANOVA: p = 0.162 using relwarp
1 & 2, excluding the single inner alpine individual) nor
among different female chemotypes (PERMANOVA: p =
0.201 using relwarp 1 & 2) based on Frohlich et al. (2022).

DISCUSSION

Flight ability is determined by a number of morphologi-
cal components, such as absolute body mass, the ratio of
body mass to wing area (= wing loading) and wing shape,
in particular the length of the wings relative to wing area (=
aspect ratio) (Betts & Wootton, 1988; Jenkins et al., 2007;
Dudley, 2018). Elongated wings (high aspect ratio) are
generally more efficient for long distance flights (Wootton,
1992), whereas broader wings with blunter tips (low as-
pect ratio) experience less mechanical stress and increase
manoeuvrability (Combes & Daniel, 2001). While such
aspects seems to be universal in birds (e.g. Vagasi et al.,
2016), there is conflicting evidence for insects, with some
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Fig. 3. Regression analysis of size-dependent and sex-independent differences in forewing shape and venation in Trichrysis cyanea,
based on observed extreme (a, b) and simulated (c, d) values of wing centroid sizes. Centroid sizes are given in parentheses.

studies indicating that low aspect ratios are beneficial for
dispersal at least in some taxa (Hassall, 2015 and refer-
ences therein). In other taxa like Coleoptera and Lepido-
ptera, elongated wings are related to the demands of better
long distance/migratory flight performance (e.g. Mikac et
al., 2013). Elongated wings are more common in males,
possibly because of the longer distances they need to fly
in search of mates (e.g. Kingsolver, 1983; Hernandez-L.
et al., 2010; Jeratthitikul et al., 2014). On the other hand,
shorter and broader wings, often observed in females, are
regarded as an adaptation to slow flight, e.g. for searching
for host plants (e.g. Jeratthitikul et al., 2014).

In T cyanea, the wings are elongated and tapered in
males and broad with blunter tips in females (Fig. 4). Spe-
cies of chrysidids are known to visit exposed positions
(trunks, piles of stones, walls etc.) and repeatedly land
on exactly the same spot (Linsenmaier, 1997; Wiesbauer
et al., 2020). These spots may represent marked landing

sites (possibly by scent), which are often visited while fly-
ing around. They may represent waypoints which are used
for seeking out intruders or potential mating partners. As
outlined above, the slender wings in males are considered
more efficient for long-distance flights in search of mates
or dispersal. Unfortunately, there are no population genetic
studies on cuckoo wasp species that might shed light on po-
tential sex-biased dispersal, but capture and recapture ex-
periments on another species of chrysidids, Caenochrysis
tridens (Lepeletier, 1825), indicate no movement between
populations, but did not exclude the possibility of dispersal
of newly emerged individuals (Trexler, 1984). Correspond-
ingly, the broader and blunter wings of females recorded
in our study imply an increased manoeuvrability. Indeed,
high manoeuvrability could be beneficial to females when
searching for the nest holes of their hosts. Thus, it is likely
that the observed divergence in wing morphology between
males and females is not due to some specific selective
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Fig. 4. Regression analysis of the sex-dependent and size- independent differences in the shape and venation of the forewing of Trichrysis
cyanea, based on observed mean (a & b) and simulated (threefold increased) shapes for both males and females (c & d).
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constraints on the male wings, but rather due to a need for
increased manoeuvrability in females.

Trichrysis cyanea also exhibits a clear sexual dimor-
phism in forewing size. In most insects, females are larger
than males (Stillwell et al., 2010), a pattern typically attrib-
uted to fecundity selection (Hon¢k, 1993), while cases of
male-biased sexual size dimorphism have been related to
contest competition (e.g. territoriality) and female choice
(Serrano-Meneses et al., 2008). In the present study we did
not measure body size of 7. cyanea, but wing size and body
size are highly correlated in most insects. Therefore, wing
size is often used as proxy of body size in insects (e.g. Sal-
cedo et al., 2019). Wing size in females was generally larg-
er than in males, indicating larger body sizes of females,
which indicates a role in fecundity selection in this species.
Consistent with general findings on insects (Rohner et al.,
2018), variance in female size in 7. cyanea appears to be
greater than that in males.

In addition to sexual dimorphism in forewing shape and
size we found sex-independent size-dependent variation
in wing venation (Fig. 3), with allometric patterns being
different in males and females. Allometric effects can in-
fluence wing shape in Hymenoptera and other insects but
there are also examples of allometry-free dimorphism (e.g.
Perrard et al., 2012; Mikac et al., 2013; Petrovi¢ et al.,
2014; Mielczarek et al., 2016 and others). The recorded
distal shift of central veins in large wings (large centroid
size) and the smaller and proximal shift of the discal cell
in small wings is consistent with the findings for other in-
sects (Danforth, 1989; Garcia & Sarmiento, 2012). We also
observed a relative broadening of the pterostigma, a pig-
mented spot close to the leading edge far out on the wing,
in large wings. The pterostigma has a greater mass than
an equally large wing piece in adjacent wing regions and
makes the wing beat of small insects more efficient in slow
and hovering flight by passive, inertial, pitch angle control
(Ake Norberg, 1972). In most insect groups, the relative
size of the pterostigma increases with decrease in body size
(Danforth, 1989). Thus, the pattern observed in T. cyanea
contradicts this general trend, the reason of which remains
unknown.

To conclude, we have shown that the cuckoo wasp T.
cyanea exhibits sexual dimorphism in both wing size and
shape, most likely related to the different selective con-
straints in males and females, and that there is also some
degree of sex-independent size-dependent variation in
wing morphology. Our study is the first to specifically ad-
dress intraspecific variation in wing morphology in a spe-
cies of chrysidids. This study increases our understanding
of the biology of T. cyanea (and cuckoo wasps in general),
but also highlights the urgent need for more baseline data
regarding population structure and connectivity as well as
morphological adaptations in this and other species of this
family of parasitoid Hymenoptera.

ACKNOWLEDGEMENTS. This study was funded by the Austrian
Federal Ministry of Science, Research and Economy in the frame
of an ABOL-associated project within the framework of “Hoch-

doi: 10.14411/eje.2022.043

schulraum-Strukturmittel” Funds. The authors further acknowl-
edge the financial support of the University of Graz.

REFERENCES

Axe NorBerG R. 1972: The pterostigma of insect wings an in-
ertial regulator of wing pitch. — J. Comp. Physiol. 81: 9-22.
Benitez H.A., Bravi R., PARrRA L.E., SaNzaANA M.-]. & SEPULVE-

DA-ZUNIGA E. 2013: Allometric and non-allometric patterns in
sexual dimorphism discrimination of wing shape in Ophion
intricatus: might two male morphotypes coexist? — J. Insect

Sci. 13(143): 10 pp.

Berts C.R. & Wootton R.J. 1988: Wing shape and flight behav-
iour in butterflies (Lepidoptera: Papilionoidea and Hesperi-
oidea): A preliminary analysis. — J. Exp. Biol. 138: 271-288.

Borts J., BREUKER C.J., VAN KERKHOVE A., VAN DONGEN S., BRUYN
L. de & van Gossum H. 2009: Variation in flight morphology in
a female polymorphic damselfly: intraspecific, intrasexual, and
seasonal differences. — Can. J. Zool. 87: 86-94.

Breuker C.J., BRakerFIELD PM. & GiBes M. 2007: The associa-
tion between wing morphology and dispersal is sex-specific in
the glanville fritillary butterfly Melitaea cinxia (Lepidoptera:
Nymphalidae). — Eur: J. Entomol. 104: 445-452.

ComBEs S.A. & DanieL T.L. 2001: Shape, flapping and flexion:
Wing and fin design for forward flight. — J. Exp. Biol. 204:
2073-2085.

DanrortH B.N. 1989: The evolution of hymenopteran wings: the
importance of size. — J. Zool. 218: 247-276.

DeVRiEs P.J., PEnz C.M. & HiLL R.1. 2010: Vertical distribution,
flight behaviour and evolution of wing morphology in Morpho
butterflies. — J. Anim. Ecol. 79: 1077-1085.

DubLey R. 2018: The Biomechanics of Insect Flight. Form, Func-
tion, Evolution. Princeton University Press, Princeton, 497 pp.

FronLicH D., ZanGL L., RaspotniG G. & KoBLMULLER S. 2022:
Inter- and intrasexual variation in cuticular hydrocarbons in
Trichrysis cyanea (Linnaeus, 1758) (Hymenoptera: Chrysidi-
dae). — Insects 13(2): 159, 10 pp.

GaARrcia Z. & SarMmienTo C.E. 2012: Relationship between body
size and flying-related structures in Neotropical social wasps
(Polistinae, Vespidae, Hymenoptera). — Zoomorphology 131:
25-35.

GrivaLpl D.A. & ENGeL M.S. 2005: Evolution of the Insects.
Cambridge Univ. Press, Cambridge, 755 pp.

HammMER @., HARPER D.A. & Ryan P.D. 2001: PAST: Paleontolog-
ical statistics software package for education and data analysis.
— Palaeontol. Electron. 4(1): 4, 9 pp.

HassaLL C. 2015: Strong geographical variation in wing aspect
ratio of a damselfly, Calopteryx maculata (Odonata: Zygo-
ptera). — PeerJ 3: 1219, 17 pp.

HernNANDEZ-L. N., BARRAGAN A.R., Dupas S., SiLvaIN J.-F. & Dan-
GLEs O. 2010: Wing shape variations in an invasive moth are
related to sexual dimorphism and altitude. — Bull. Entomol.
Res. 100: 529-541.

Horrmann A.A. & SHIRRIFFS J. 2002: Geographic variation for
wing shape in Drosophila serrata. — Evolution 56: 1068—
1073.

HonEik A. 1993: Intraspecific variation in body size and fecundity
in insects: a general relationship. — Oikos 66: 483—492.

JenkiNs D.G., BrescaciN C.R., Duxsury C.V., ELLioTT J.A., EvAaNs
J.A., GraBLow K.R., HiLLEGAss M., LyoN B.N., METZGER
G.A., OLanpese M.L., Pepe D., SiLvers G.A., SurescH H.N.,
TrompsoN T.N., TREXLER C.M., WiLLIaMS G.E., WiLLiaMs N.C.
& WiLLiams S.E. 2007: Does size matter for dispersal distance?
— Glob. Ecol. Biogeogr. 16: 415-425.

417



Frohlich et al., Eur. J. Entomol. 119: 413420, 2022

JerarTHITIKUL E., YAGO M. & Hikipa T. 2014: Sexual dimorphism
and intraspecific variation in wing size and shape of Tongeia
fischeri (Lepidoptera: Lycaenidae). — Entomol. Sci. 17: 342—
353.

JonanssoN F., SoperQuisT M. & Bokma F. 2009: Insect wing shape
evolution: independent effects of migratory and mate guarding
flight on dragonfly wings. — Biol. J. Linn. Soc. 97: 362-372.

Kivsey L.S. & BoHart R.M. 1990: The Chrysidid Wasps of the
World. Oxford Univ. Press, Oxford, 652 pp.

Kingsorver J.G. 1983: Ecological significance of flight activity
in colias butterflies: Implications for reproductive strategy and
population structure. — Ecology 64: 546-551.

LinsenmAIER W. 1997: Die Goldwespen der Schweiz. Natur-Mu-
seum Luzern, 140 pp.

Lou R., Davip J.R., DEBaT V. & BiTNER-MATHA B.C. 2008: Ad-
aptation to different climates results in divergent phenotypic
plasticity of wing size and shape in an invasive drosophilid. —
J. Genet. 87: 209-217.

MieLczarek L.E., OLeksA A., MEvzaA K. & ToriLski A. 2016: Sea-
sonal polyphenism in Eristalis pertinax (Diptera: Syrphidae).
— Fur. J. Entomol. 113: 489-496.

Mikac K.M., Doucras J. & Spencer J.L. 2013: Wing shape and
size of the western corn rootworm (Coleoptera: Chrysomeli-
dae) is related to sex and resistance to soybean-maize crop ro-
tation. — J. Econ. Entomol. 106: 1517-1524.

Outomuro D., Dukstra K.-D.B. & JoHanssoN F. 2013: Habitat
variation and wing coloration affect wing shape evolution in
dragonflies. — J. Evol. Biol. 26: 1866—1874.

OuTOMURO D., SODERQUIST L., NiLssON-ORTMAN V., CORTAZAR-
CHINARRO M., LUNDGREN C. & JoHaNnssoN F. 2016: Antagonis-
tic natural and sexual selection on wing shape in a scrambling
damselfly. — Evolution 70: 1582—1595.

PauLr T., CastiLLo-Caias R.F., Rosa P., Kukowka S., BERG A.,
VAN DEN BERGHE E., FORNOFF F., HOPFENMULLER S., NiEHUIS M.,
PeTERS R.S., STAAB M., STRUMIA F., TISCHENDORF S., SCHMITT
T. & Nienuis O. 2019: Phylogenetic analysis of cuckoo wasps
(Hymenoptera: Chrysididae) reveals a partially artificial classi-
fication at the genus level and a species-rich clade of bee para-
sitoids. — Syst. Entomol. 44: 322-335.

PERRARD A., VILLEMANT C., CARPENTER J.M. & Bayrac M. 2012:
Differences in caste dimorphism among three hornet species
(Hymenoptera: Vespidae): forewing size, shape and allometry.
—J. Evol. Biol. 25: 1389-1398.

PETROVIC A., TomaNovi¢ Z., KavarLieratos N.G., BoGpanovi¢
AM., StarY P. & Ivanovic A. 2014: Sexual dimorphism in

doi: 10.14411/eje.2022.043

the parasitoid wasps Aphidius balcanicus, Aphidius rosae, and
Aphidius urticae (Hymenoptera: Braconidae: Aphidiinae). —
Ann. Entomol. Soc. Am. 107: 1027-1032.

PreTORIUS E. 2005: Using geometric morphometrics to investi-
gate wing dimorphism in males and females of Hymenoptera
— a case study based on the genus Tachysphex Kohl (Hymeno-
ptera: Sphecidae: Larrinae). — Aust. J. Entomol. 44: 113—121.

Ronrr J.F. 2015: The tps series of software. — Hystrix 26: 9—12.

Ronner P.T., Teper T., EspErk T., LUPOLD S. & BLANCKENHORN
W.U. 2018: The evolution of male-biased sexual size dimor-
phism is associated with increased body size plasticity in
males. — Funct. Ecol. 32: 581-591.

Sarcepo M.K., HorrmMaNN J., DONOUGHE S. & MAHADEVAN L.
2019: Computational analysis of size, shape and structure of
insect wings. — Biology Open 8(10): bio040774, 9 pp.

SERRANO-MENESES M.A., CORDOBA-AGUILAR A., AZPILICUETA-
AMORIN M., GoNzALEZ-SoriaNO E. & SzekeLy T. 2008: Sexual
selection, sexual size dimorphism and Rensch’s rule in Odo-
nata. — J. Evol. Biol. 21: 1259-1273.

StiLLweLL R.C., BLaNnckeENHORN W.U., TeDER T., Davipowitz G.
& Fox C.W. 2010: Sex differences in phenotypic plasticity af-
fect variation in sexual size dimorphism in insects: From physi-
ology to evolution. — Annu. Rev. Entomol. 55: 227-245.

SuArez-Tovar C.M. & Sarmiento C.E. 2016: Beyond the wing
planform: morphological differentiation between migratory
and nonmigratory dragonfly species. — J. Evol. Biol. 29: 690—
703.

TrEXLER J.C. 1984: Aggregation and homing in a chrysidid wasp.
— Oikos 43: 133-137.

VAgast C.I., Pap PL., Vinczeé O., OsviAtH G., ErriTZOE J.
& MoLLER A.P. 2016: Morphological adaptations to migration
in birds. — Evol. Biol. 43: 48-59.

WiEsBAUER H., Rosa P. & ZeTTeL H. 2020: Die Goldwespen Mit-
teleuropas. Biologie, Lebensrdume, Artenportrits. Ulmer,
Stuttgart, 254 pp.

Wisniowskr B. 2015: Cuckoo-Wasps (Hymenoptera: Chrysidi-
dae) of Poland. Diversity, Identification, Distribution. Ojcéw
National Park, Ojcow, 563 pp.

WoortTon R.J. 1992: Functional morphology of insect wings. —
Annu. Rev. Entomol. 37: 113—-140.

ZerpitcH M.L., Swiperski D.L., Sueets H.D. & Fink W.L. 2004:
Geometric Morphometrics for Biologists. A Primer. Elsevier
Academic Press, Amsterdam, 443 pp.

Received June 10, 2022; revised and accepted September 29, 2022
Published online November 9, 2022

Table S1. Description of the 15 landmarks on the front wing of Trichrysis cyanea used in this study and shown in Fig. S3.

Number Description of landmark
1 On the outline of the costal vein at a dent at the base of the wing
2 On the outline of the costal vein next to the costal break
3 Fictive point of contact of the radial sector with the outline
4 Fictive point of contact of the cubital vein with the outline
5 Point of contact of the anal vein with the outline
6 Point of contact of the medio-cubital cross vein with the radial sector and medial vein
7 Point of contact of the radial sector with the pterostigma
8 Point of contact of the medial vein and the radial sector and medial vein
9 Point of contact of the cubital vein and the medio-cubital cross vein
10 Corner of the cubital vein
" Vein outline at the point of contact of the medial vein and cubital vein
12 Vein outline at the point of contact of the cubito-anal cross vein and cubital vein
13 Point of contact of the sidearm of cubito-anal cross vein and anal vein
14 Point of contact of medial and cubital vein and subcostal vein
15 At the outline of the anal vein at a dent at the base of the wing
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Fig. S1. Map of the sites sampled in eastern Austria. Created with SimpleMappr (http://www.simplemappr.net/). Detailed information on
samples and sites sampled can be found on BOLD (project-ID: BACHR). The inner alpine individual is from the location marked with an
inverted triangle.

Fig. S2. Detailed pictures of WOMBAT. A — side view, B — top view.
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Fig. S3. Set of landmarks (cross-hairs) and semilandmarks (circles) on the veins and the outline of a fore wing. The wing remained at-
tached to the body of the dry-mounted specimens. A description of the landmark positions can be found in Table S1.
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