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Abstract

Habitats are spatially and temporally variable, and organisms must be able to

track these changes. One potential mechanism for this is dispersal by flight.

Therefore, we would expect flying animals to show adaptations in wing shape

related to habitat variation. In this work, we explored variation in wing shape

in relation to preferred water body (flowing water or standing water with tol-

erance for temporary conditions) and landscape (forested to open) using 32

species of dragonflies of the genus Trithemis (80% of the known species). We

included a potential source of variation linked to sexual selection: the extent

of wing coloration on hindwings. We used geometric morphometric methods

for studying wing shape. We also explored the phenotypic correlation of wing

shape between the sexes. We found that wing shape showed a phylogenetic

structure and therefore also ran phylogenetic independent contrasts. After

correcting for the phylogenetic effects, we found (i) no significant effect of

water body on wing shape; (ii) male forewings and female hindwings differed

with regard to landscape, being progressively broader from forested to open

habitats; (iii) hindwings showed a wider base in wings with more coloration,

especially in males; and (iv) evidence for phenotypic correlation of wing

shape between the sexes across species. Hence, our results suggest that natu-

ral and sexual selection are acting partially independently on fore- and hind-

wings and with differences between the sexes, despite evidence for

phenotypic correlation of wing shape between males and females.

Introduction

Habitats are temporally and spatially variable, and

many organisms adapt to this variation by dispersal

and/or migration (Southwood, 1962; Hedenstr€om,

2002; Dockx, 2007). Most insects show complex life

cycles, where the larval stage is usually sedentary and

the adult stage disperses by flight. Adult dispersal ability

is expected to vary among taxa if the temporal and spa-

tial variation or unpredictability of their larval habitats

differs. For instance, standing water habitats (lentic) are

spatially and temporarily less predictable than flowing

water (lotic) (Ribera & Vogler, 2000). Therefore, adults

with aquatic larval development would be expected to

show better dispersal ability in lentic species than in

lotic species (Ribera & Vogler, 2000). Similarly,

dispersal ability should be greater in temporary water

species compared with permanent water species (Gasc�on
et al., 2008). Studying interspecific trait variation in

different habitats may provide insight into the facultative

mechanisms behind adaptation.

Wing shape is related to migration and dispersal

abilities in birds (Bowlin & Wikelski, 2008; F€orschler &

Bairlein, 2011), bats (Norberg & Rayner, 1987),

butterflies (Breuker et al., 2007; Dockx, 2007), and

dragonflies (Johansson et al., 2009) and is therefore

expected to be adaptive (K€olliker-Ott et al., 2003).

Thus, the study of how wing shape varies with habitat

may help to understand how species can track spatial

and temporal changes in their environment, not just

contemporarily but at an evolutionary scale. This is of

special relevance for species inhabiting freshwater

ecosystems, where dispersal may be vital under the

context of climate change: for example, in areas where
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temperature is expected to increase, the distance between

suitable freshwater habitats will be larger due to the

disappearance of those habitats.

The dragonfly genus Trithemis Brauer, 1868 (Odonata,

Libellulidae) is an excellent model group to study the

adaptive response of larval habitat requirements and

adult dispersal abilities. Over 40 species of Trithemis

occur mainly in the Old World tropics (Dijkstra & Lew-

ington, 2006), and they show a high diversity of habitat

requirements. The ancestral form was inferred to have

preferred temporary stagnant waters and open habitats

(i.e. nonforested) (Damm et al., 2010). Thereafter, mul-

tiple shifts to forested habitats and flowing waters, but

also reversals, have occurred during the rapid radiation

of the group (Damm et al., 2010). These different habi-

tats could have caused adaptive selection on wing shape

related to dispersal, although no evidence is available so

far. Dragonflies show a greater development of the

basal part of the hindwing in migrating species (Johans-

son et al., 2009), probably related to their gliding ability

(Corbet, 1962). Therefore, a wider hindwing base

would be expected to improve spatial movements. In

addition, gliding in dragonflies has been suggested to be

a thermoregulatory strategy to avoid overheating (May,

1976) and would therefore be expected to be more

common in species that live in open habitats. As Trith-

emis originated in open, standing waters, a wide hind-

wing base is expected in the ancestor of the genus.

Such a hindwing could allow for optimal gliding flight

in the open habitat, as well as dispersal among water

bodies and better cooling. However, wing traits might

have evolved in different directions due to new selec-

tion pressures or due to a lack of function in new habi-

tats. For example, we may expect that the broad

hindwing base would be kept in open habitats but not

necessarily in forested ones. In addition, a broader fore-

wing base physically interferes with the hindwing

(Wakeling, 1997). Therefore, it is difficult to predict the

response of forewings in the present context. However,

in general, shorter and broader wings improve flight

agility (Betts & Wootton, 1988) and would be expected

in species preferring more forested habitats.

Selection on wing shape within this genus could also

be affected by the presence of wing coloration on the

hindwing base. Wing coloration is important for sexual

selection in damselflies and dragonflies (Corbet, 1999;

C�ordoba-Aguilar & Cordero-Rivera, 2005) both for

males and females (C�ordoba-Aguilar et al., 2003; Svens-
son et al., 2007). Although not much investigated yet,

wing coloration was shown to be related to wing shape

variation in damselflies (Outomuro & Johansson, 2011;

Outomuro et al., 2013) and butterflies (Srygley, 1999).

For example, in damselflies, the wing area where the

colour was present was larger, suggesting an effect of

the need for an effective display (Outomuro et al.,

2013). Therefore, wing shape would be expected to

change due to selection on wing coloration, with a

larger wing area where the colour is present. Although

wing coloration may have other evolutionary roles

such as interspecific discrimination (e.g. Tynkkynen

et al., 2004), it has been shown for damselflies that

sexual selection is stronger that natural selection in

population divergence (Svensson et al., 2006). Therefore,

sexual selection might interact with other natural selection

pressures involved in wing shape evolution.

We studied wing shape evolution of males and

females of 32 species of the genus Trithemis (around

80% of the known species) in relation to larval and

adult habitat requirements, that is, preferred water body

(flowing water or standing water with tolerance for

temporary conditions) and landscape (forested or open),

and the presence of wing coloration. Previous studies

have shown that there is phylogenetic structure in wing

shape (Drosophila: Klingenberg & Gidaszewski, 2010;

damselflies: Outomuro et al., 2013). Therefore, we first

confirmed the presence of phylogenetic structure of

wing shape evolution in our data set, and we then per-

formed phylogenetic independent contrasts. We used

geometric morphometric approaches to analyse wing

shape. As we found different significant effects for fore-

and hindwings between males and females, and there

was a conspicuous sexual dimorphism in wing shape,

we also studied whether there was phenotypic correla-

tion of wing shape between the sexes. Males and

females share most of the genes, and conflicts in the

evolutionary interests of each sex can occur (reviewed

in Bonduriansky & Chenoweth, 2009). A previous study

on damselflies with clear sexual dimorphism in wing

shape suggested that male and female wing shapes show

phenotypic correlation between the sexes (Outomuro

et al., 2012). We predicted that (i) taxa from standing

water and open habitats should show an expanded

hindwing base; (ii) taxa from forested habitats should

have shorter and broader wings, independently of the

hindwing base; (iii) taxa with wing coloration should

show a broader wing area where the pigment is present,

that is, at the hindwing base; and (iv) there is pheno-

typic correlation of wing shape between the sexes. We

found significant effects due to landscape variation and

the extension of wing coloration. Those effects differed

between fore- and hindwings and between males and

females. We also found evidence for phenotypic correla-

tion of wing shape between the sexes across species.

Materials and methods

Study taxa and phylogeny

We studied 32 taxa of the genus Trithemis (32 males

and 29 females; Table 1). Specimens were photographed

together with a scale using a digital camera at Naturalis

Biodiversity Center (Leiden). Pictures were subse-

quently analysed for studying wing shape. Taxa were

categorized into three main variables following Damm
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et al. (2010): water body (flowing water and standing

water with tolerance for temporary conditions), land-

scape (forested or open with regard to vegetation) and

presence of wing coloration on the hindwing base (see

Table 1). Wing coloration was defined as very extensive

when it extended to the central vein of the anal loop

(Askew, 2004), extensive when it did not reach this

vein and absent when no conspicuous coloration was

visible (Fig. S1).

The phylogeny was constructed using 39 taxa of the

genus Trithemis, with Pantala flavescens (Fabricius, 1798)

as outgroup (sequences published in Damm et al.,

2010) (Table S1). We used two mitochondrial genes

(the NADH-dehydrogenase subunit 1 and the 16S

rDNA) and the nuclear regions ITSI and ITSII with the

5.8S region in between. The sequences were down-

loaded from GenBank and aligned in MEGA (Tamura

et al., 2011) using MUSCLE (Edgar, 2004). The nuclear

sequence was not available for Trithemis africana

(Brauer, 1867). We ran two independent Bayesian phy-

logenetic analyses in the package BEAST version 1.7.1

(Drummond et al., 2012) using a SRD06 model as the

nucleotide substitution model, an uncorrelated lognor-

mal relaxed molecular clock and a birth–death process

as tree prior. We ran 107 generations for the MCMC

sampling, logging every 1000 generations. The resulting

tree was similar to that previously published by Damm

et al. (2010) (Fig. S2) and was subsequently pruned to

contain only our study taxa.

Wing shape

We used geometric morphometric methods to study

wing shape. The relative position of landmark coordi-

nates was used to analyse shape, after keeping mathe-

matically constant the effects of nonshape variation

(position, orientation and scale) (Bookstein, 1991; Rohlf

& Marcus, 1993; Adams et al., 2004). Landmarks were

digitized on wing pictures (11 landmarks for forewings

and 12 landmarks for hindwings) using tpsDig2 (Rohlf,

2010a). Ten landmarks were associated with biologically

constant points in forewings, and one semi-landmark was

use to capture wing curvature (Fig. 1). For hindwings, it

was not possible to find biologically constant landmarks in

the basal part of the wing. Therefore, we used a star with

the lines separated constantly by 9 degrees. The star was

fixed to the wing node and the front margin of the wing

(Fig. 1). We established five landmarks where the first,

fourth, seventh, ninth and tenth star radii cross the

hindwing outline (Fig. 1).

Using tpsRelw (Rohlf, 2010b), landmarks were sub-

jected to a generalized Procrustes analysis (Rohlf &

Slice, 1990), for both fore- and hindwings, as well as

males and females separately. The specimens were

translated to the origin, scaled into unit centroid size

and rotated to minimize the total sum-of-squares devia-

Table 1 List of studied taxa and variables used for the

comparative analyses: water body (1: running water, 2: standing

waters with tolerance for temporary conditions), landscape

(1: forested habitat, 2: open habitat) and hindwing coloration

(0: absent, 1: extensive, 2: very extensive).

Taxa Water body Landscape Hindwing coloration

Trithemis aconita 1 1 0

T. adelpha 2 2 1

T. aenea 1 1 0

T. aequalis 1 2 0

T. africana 1 1 2

T. annulata 2 2 1

T. arteriosa 2 2 1 (0 for female)

T. aurora 2 2 1

T. basitincta 1 1 0

T. bifida 1 1 0

T. bredoi (only male) 1 2 1

T. dejouxi (only male) 1 2 0

T. dichroa 1 1 0

T. donaldsoni

(only male)

1 2 0

T. dorsalis 1 2 0

T. ellenbeckii 1 2 0

T. festiva 1 2 1

T. furva 1 2 0

T. grouti 1 1 0

T. hartwigi 2 1 1

T. hecate 2 2 0

T. imitata 2 2 2

T. kalula 2 2 1

T. kirbyi 2 2 2 (1 for female)

T. monardi 2 2 2

T. nuptialis 1 1 0

T. pluvialis 1 2 1

T. pruinata 1 1 0

T. selika 2 2 1

T. stictica 1 2 0

T. tropicana 1 1 2

T. werneri 1 2 1

Fig. 1 Landmarks used for capturing outline wing shape for fore-

(white circles) and hindwings (grey circles) on the right wings of a

male of Trithemis integra Dijkstra, 2007. The asterisk indicates the

semi-landmark on forewings. The star used for capturing

landmarks on the hindwing base is shown.
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tions of the coordinates from all specimens to the aver-

age configuration. The semi-landmark of the forewing

was permitted to slide along its tangent direction until

minimizing the Procrustes distance between specimens

(Bookstein, 1991). Individual wings were then aligned

using the consensus wing and the shape variables com-

puted (uniform and nonuniform shape components).

The individual centroid size was also computed for each

wing using its corresponding landmark coordinates.

Centroid size of wings was shown to be correlated with

body size in Odonata (Outomuro & Johansson, 2011)

and was used as a proxy for body size in our analyses.

We also computed the shape variables using merged

data sets for male and female forewings, and male and

female hindwings, for their use in the analyses of

phenotypic correlation (see below).

Statistical analyses

We studied how wing shape differed due to the effect of

the three study variables (water body, landscape and

wing coloration, see Table 1), separately for fore- and

hindwings, and for males and females. All statistical anal-

yses were performed either in Statistica 10 (StatSoft,

2011) or in R version 2.15 (R Development Core Team,

2011). No effects of multicollinearity were detected

among the three studied variables. We first ran a MANCOVA

on all the shape components as the dependent variables,

with centroid size as the covariate, and water body, land-

scape and wing coloration as factors. We note that the

last factor was only included for hindwings. Nonsignifi-

cant interactions were removed one by one in the model.

We also tested whether there was a phylogenetic

structure in wing shape evolution (i.e. departed from

Brownian motion) by analysing the presence of phylo-

genetic signal in its divergence (Blomberg et al., 2003;

Klingenberg & Gidaszewski, 2010). We applied the

approach of Klingenberg & Gidaszewski (2010) which

quantifies the phylogenetic signal of the shape compo-

nents as the sum of squared shape changes along the

branches of the phylogeny. Smaller values of the sum

of squared shape changes imply greater phylogenetic

signal, that is, closely related species are more similar

among each other. To test the significance of sum of

squared shape changes, a permutation approach was

used to simulate the null hypothesis of complete

absence of phylogenetic signal. The simulation is based

on a random and repeated reassignment of the shape

components to the tips of the phylogeny. The P-value

is equal to the proportion of permuted data sets with a

lower or equal sum of squared shape changes than the

sum of squared shape changes obtained for the original

data (Klingenberg & Gidaszewski, 2010).

The role of allometry on wing shape was also studied.

First, we ran a multivariate phylogenetic generalized

least-squares analysis (PGLS) (Rohlf, 2001) following

Outomuro et al. (2013), separately for fore- and hind-

wings of males and females. The results of the PGLS

were not significant for any of the data sets (see

Results). Therefore, it was decided to keep the allomet-

ric component of wing shape. Second, the phylogenetic

mapping analysis showed the presence of a significant

phylogenetic signal (see Results), so we performed a

phylogenetic MANOVA (Garland et al., 1993) on wing

shape testing each of the significant effects obtained in

the MANCOVA’s. The phylogenetic MANOVA’s were run

using the R-package geiger (Harmon et al., 2008),

which uses the test statistic from a MANOVA and compute

the null distribution of this test statistic by simulating

new sets of the shape components on the phylogenetic

tree. The simulations are run under Brownian motion.

For the significant terms in the phylogenetic MANOVA’s,

we visualized how wing shape changed among the dif-

ferent levels of the variable. We did this using tpsSplin

(Rohlf, 2004) which computes thin-plate spline defor-

mation grids among wing shapes and a reference wing

shape. For instance, we compared how wing shape dif-

fered among landscapes (see Results). To obtain a finer

graphical resolution of the change along that landscape

gradient, we used the five original categories in the

study by Damm et al. (2010): forested, openings in the

forest, half-open, open and cooler+open (open high-

lands). However, we could not test the differences

among these because we had too few species in each

category. Therefore, forested, openings and half-open

were combined into the forested landscapes, and the

other two were regarded as open landscapes.

Finally, we tested for phenotypic correlation of wing

shape between the sexes. We used tpsPLS (Rohlf, 2006)

for computing a partial least-squares analysis of the

covariation between the shape components of males

and the shape components of females (obtained in the

mixed data set), for fore- and hindwings separately.

This method does not assume that one shape is a func-

tion of the other, as regression models usually do. The

analysis results in a set of paired vectors, or covariance

dimensions, accounting for the covariance between the

two sets of shapes. The first two covariance dimensions

explained more than 80% of variance in forewings and

more than 92% in hindwings (see Results). We used

the male and female scores of each dimension to run

phylogenetic independent contrasts (Felsenstein, 1985).

For performing these analyses, we used the package

PDAP:PDTREE version 1.16 (Midford et al., 2011) for

Mesquite version 2.75 (Maddison & Maddison, 2011).

We exponentially transformed the tree branch lengths

to satisfy the requirements of the independent contrasts

(Garland et al., 1992). The contrasts plots were stan-

dardized for both axes, positivized for the X axis and

forced through the origin (Garland et al., 1992). The

slopes of the regression were calculated using a major

axis regression (Model II regression). We investigated

whether the slope of the regression differed signifi-

cantly from one, by inspecting the 95% CI.

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . 2 6 ( 2 0 1 3 ) 1 8 66 – 1 8 74

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 3 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Wing shape evolution in dragonflies 1869



Results

Before correcting for the phylogenetic relationships,

male forewing shape only differed between landscapes

(Table 2). A significant interaction term between water

body and landscape was also found (Table 2). On the

other hand, female forewings showed marginally non-

significant differences between landscapes, but no effect

of water body (Table 2). Male hindwing shape differed

with regard to water body and wing coloration, but not

to landscape (Table 2). Finally, female hindwing shape

showed significant differences with regard to landscape,

wing coloration and the interaction between these two

terms (Table 2).

When we investigated the presence of phylogenetic

structure in wing shape evolution, we found that wing

shape showed a significant phylogenetic signal in its

divergence for both sex and wing (male forewings: phyl.

signal = 0.00912, P = 0.001; female forewings: phyl.

signal = 0.00735, P = 0.001; male hindwings: phyl. sig-

nal = 0.01320, P = 0.001; female hindwings: phyl.

signal = 0.01311, P = 0.001). These results imply that the

evolution of wing shape significantly departed from

Brownian motion and that related species tend to have

similar wing shape. Centroid size did not have a significant

effect on the evolution of wing shape (PGLS: male

forewings: Pillai’s trace = 1.091, F36,28 = 0.934, P = 0.581;

female forewings: Pillai’s trace = 0.920, F36,22 = 0.520,

P = 0.960; male hindwings: Pillai’s trace = 1.123, F40,24 =
0.768, P = 0.775; female hindwings: Pillai’s trace = 1.016,

F40,18 = 0.464, P = 0.978).

As we found that wing shape showed a phylogenetic

structure, we investigated whether the significant effects

found in the MANCOVA’s were kept significant after cor-

recting for the phylogenetic effects. The phylogenetic

MANOVA showed that the effects of landscape on male

forewing shape were significant after the phylogenetic

relationships were taken into account (Table 3). A visu-

alization of the male forewing shapes revealed that

wings were progressively broader from forested to open

habitats (Fig. 2). For female forewing shape, the

phylogenetic MANOVA was nonsignificant and the possible

effect of landscape was driven by the phylogenetic rela-

tionships (Table 3). For male hindwing shape, the wing

coloration effect was significant, but not the water body

effect, after correcting for the phylogenetic relationships

(Table 3). The deformation grids provided strong sup-

port for this statistical result, because the wing base was

gradually wider from non-coloured wings to wings with

very extensive coloration (Fig. 3). Finally, for female

hindwing shape, the phylogenetic MANOVA revealed a sig-

nificant effect due to landscape (Table 3), with a trend

Table 2 Results for the MANCOVA on fore- and hindwing shapes of

males and females.

Wilks’k F d.f. effect d.f. error P

Male forewings

Water body 0.242 1.743 18 10 0.186

Landscape 0.098 5.120 18 10 0.006

Log Centroid size 0.354 1.015 18 10 0.511

Water body 9

Landscape

0.093 5.403 18 10 0.005

Female forewings

Water body 0.194 1.845 18 8 0.190

Landscape 0.133 2.890 18 8 0.065

Log Centroid size 0.275 1.173 18 8 0.429

Male hindwings

Water body 0.073 4.419 20 7 0.026

Landscape 0.211 1.308 20 7 0.377

Coloration 0.005 4.544 40 14 0.002

Log Centroid size 0.096 3.301 20 7 0.056

Female hindwings

Water body 0.077 1.190 20 2 0.554

Landscape 0.003 35.960 20 2 0.027

Coloration 0.001 16.710 40 4 0.007

Log Centroid size 0.017 5.830 20 2 0.156

Landscape 9

Coloration

0.001 10.720 40 4 0.016

Table 3 Results for the phylogenetic MANOVA on fore- and

hindwing shapes of males and females.

Wilks’k F

d.f.

effect

d.f.

error P

Phylogenetic

P

Male forewings

Landscape 0.185 3.199 1 30 0.019 0.014

Female forewings

Landscape 0.206 2.140 1 27 0.110 0.112

Male hindwings

Water body 0.134 3.566 1 30 0.017 0.691

Coloration 0.006 5.953 2 29 <0.001 0.037

Female hindwings

Landscape 0.111 3.197 1 27 0.048 0.045

Coloration 0.004 5.356 2 26 <0.001 0.058

Fig. 2 Deformation grids showing the shape variation of male

forewings and female hindwings among different landscapes

(cool+open are open habitats in highlands). Lines between the

landmarks are included to improve the interpretation of results.
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from more slender wings at forested landscapes towards

broader wings at open landscapes (Fig. 2). Regarding

wing coloration variation, female hindwing shape showed

marginally nonsignificant results after the phylogenetic

relationships were considered (Table 3). Similar to males,

female hindwings showed a larger wing base when wings

were more coloured (Fig. 3).

The partial least-squares analyses showed that male

and female shapes were highly correlated for fore- and

hindwings. For forewings, the first two covariance

dimensions explained 80.72% of the variance (dimen-

sion 1: 54.33% of variance, r = 0.761, P = 0.02; dimen-

sion 2: 26.39% of variance, r = 0.804, P = 0.01). For

the hindwings, the first two covariance dimensions

explained 92.21% of the variance (dimension 1:

77.47% of variance, r = 0.851, P = 0.01; dimension 2:

14.74% of variance, r = 0.666, P = 0.03). Those first

two dimensions were used to run phylogenetic inde-

pendent contrasts between female and male wing

shape. For forewings, the first two dimensions showed

a fairly high correlation and a slope that did not signifi-

cantly differ from one, suggesting phenotypic correla-

tion of wing shape between the sexes across species

(dimension 1: r = 0.690, slope = 0.900, CI = 0.573–
1.384, R2 = 0.476, P < 0.001; dimension 2: r = 0.709,

slope = 1.110, CI = 0.740–1.696, R2 = 0.503, P < 0.001;

Fig. 4). The results for hindwings were similar to fore-

wings (dimension 1: r = 0.727, slope = 1.233,

CI = 0.847–1.853, R2 = 0.529, P < 0.001; dimension 2:

r = 0.546, slope = 1.339, CI = 0.713–2.909, R2 = 0.298,

P = 0.002; Fig. 4).

Discussion

Wing shape showed a phylogenetic structure in the

genus Trithemis. A similar result was previously

shown in Drosophila Fall�en, 1832 (Klingenberg & Gid-

aszewski, 2010) and damselflies (Outomuro et al.,

2013). Thus, the phylogenetic history of wing shape

appears to constrain to a certain extent the antici-

pated direction outlined by selection. We found that

landscape and wing coloration, but not water body

explained the variation in wing shape, differently for fore-

and hindwings.

Water body, wing coloration and hindwings

In contrast to our predictions, we did not find signifi-

cant variation in male or female hindwing shape in

relation to water body, that is, between flowing and

standing water bodies. Retention of wing traits from

the ancestral stage might occur, which was inferred to

live in standing water bodies (Damm et al., 2010).

According to this hypothesis, the ancestral hindwing

shape (i.e. with a broader wing base) would not be

selected against in the transition to running water

habitats. Therefore, the dispersal abilities of sedentary

species may remain high.

The most striking effect on hindwing shape was the

extent of coloration, which was positively related to a

greater development of the wing base. These results

were clearer for males than for females. Therefore, our

results point at a major role of sexual selection on the

evolution of hindwing shape. However, we cannot

exclude the possibility that the presence of wing colora-

tion is a trait developed as a by-product of other habitat

variables acting primarily on the evolution of hindwing

shape. Sexual selection on coloration might have also

caused an exaggeration of the trait (i.e. wider base) that

would not be expected by other habitat variables alone

(Andersson, 1994; Emlen & Nijhout, 2000). A number

of arguments support our suggestion of a stronger role

of sexual selection on hindwing evolution. First, wing

coloration has a major role in intra- and intersexual

selection in some damselfly families (e.g. Calopterygi-

dae, Chlorocyphidae; Corbet, 1999), and behavioural

studies suggest that this is the case for species in the

family Libellulidae, which includes the genus Trithemis

(Jacobs, 1955; Frantsevich & Mokrushov, 1984; Corbet,

1999). Second, we have recently shown that a larger

wing area is found where the coloration is located in

male damselflies with intra- and intersexually selected

wing coloration (Outomuro et al., 2013). Despite this

strong association between hindwing shape and the

presence of coloration, a greater development of the

hindwing base is also related to gliding ability in

dragonflies, that is, dispersal ability and thermoregula-

tion (Corbet, 1962; May, 1976; Johansson et al., 2009).

Gliding might be also advantageous for signalling

during courtships (Corbet, 1999). Therefore, the results

of the present study suggest that a wider hindwing base

with extensive wing coloration might be sexually

selected for, at least in males.

Landscape and wing shape

We predicted that shorter and broader wings would be

expected in more forested landscapes, because such

wings would improve flight agility (Betts & Wootton,

Fig. 3 Variation of wing shape among the groups of hindwing

coloration, from a non-coloured wing to very extensive wing

coloration. Lines linking the landmarks are shown to improve

interpretation of results.
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1988). We found significant variation in wing shape

relative to landscape, but these did not agree with our

predictions. Instead, we found that forewings of males

were broader in the open landscape, and a similar

result was observed in female hindwing shape. We note

that the forewing shape change across landscapes was

continuous, broadening from forested to open land-

scapes (Fig. 2). This successive change suggests that

wing shape patterns are affected by landscape type and

that broader wings can be beneficial in more open

landscapes. Unlike the hindwing, the forewing base

cannot become broader, because it physically interferes

with the hindwings (Wakeling, 1997). Perhaps an over-

all broader forewing improves gliding ability, which is

related to dispersal and thermoregulation (Corbet,

1962; May, 1976; Johansson et al., 2009), although

further research is needed to support this hypothesis.

Moreover, if that is the case, a larger space between the

bases of fore- and hindwings would be necessary for

avoiding physical interference between both wings.

The lack of support for our predictions suggests that

our current knowledge on aerodynamics in dragonflies

is insufficient. Although there is a rich research back-

ground on wing aerodynamics in certain groups of

animals (e.g. Weis-Fogh, 1973; Ellington, 1984; Betts &

Wootton, 1988; Wakeling & Ellington, 1997a,b;

Hedenstr€om, 2002), much more functional work is

needed. Moreover and most importantly, there is a

general lack of knowledge on how wing shape variation

between or within species may affect flight. For exam-

ple, quantitative aerodynamic theory within genera

showing different wing shapes is currently lacking.

Therefore, it is difficult to make strong predictions relat-

ing wing shape and function. Despite this, experimental

approaches in the laboratory and field are certainly

promising (e.g. Combes et al., 2010).

Selection on forewing versus hindwing

We found that landscape explained forewing and color-

ation explained hindwing variation in male wing shape.

Landscape also explained some of the variation in hind-

wing shape of females. This suggests that different

selective pressures may act on each pair of wings and

that fore- and hindwings are partially evolving inde-

pendently. Wings may be affected by different selective

pressures within the individual, as has previously been

found in coloured wings of butterflies (Oliver et al.,

2009; Rutowski et al., 2010) and suggested for damsel-

flies (Outomuro et al., 2013). For instance, the ventral

pattern of Bicyclus Kirby, 1871 butterflies is related to

predator avoidance, whereas the dorsal pattern has a

role in mate signalling (Oliver et al., 2009). Our study

shows that not only the presence of ornaments on

wings may lead to a physical separation of wing func-

tion, but that other selective pressures, such as the

preferred landscape, may also evoke different responses

in the wings of the same individual.

Wing shape correlation between the sexes

In line with our predictions, we found evidence for phe-

notypic correlation of wing shape between the sexes, as

has previously been suggested for damselflies with col-

oured wings (Outomuro et al., 2012). We also note that

this phenotypic correlation was across species. As we

Fig. 4 Phylogenetic independent

contrasts between female and male

wing shape scores. The scores were

obtained from the first two covariance

dimensions of a partial least-squares

analysis (see main text).
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found that different selection pressures are probably

acting on fore- and hindwings of males and females, our

results may suggest that selection on wing shape in one

sex might be displacing the other sex (i.e. intralocus sex-

ual conflict, reviewed in Bonduriansky & Chenoweth,

2009). For instance, sexual selection on hindwing shape

on male coloration might lead to wing shape evolution

of female hindwing shape. Previous studies support that

sex-specific selective pressures act on wing shape due to

gender-specific life strategies (birds: Stiles et al., 2005;

Fern�andez & Lank, 2007; butterflies: Berwaerts et al.,

2008; DeVries et al., 2010). However, estimates of selec-

tion acting on male and female wing shape as well as of

intersexual genetic correlation would be necessary to

infer true intralocus sexual conflict in our study system

(Bonduriansky & Chenoweth, 2009).

Conclusion

In summary, we found that wing coloration and land-

scape were associated with a certain wing shape and

that males and females differ in these patterns. We reit-

erate that experimental manipulation on wing shape is

needed to show whether these patterns are caused by

sexual and/or natural selection. We also suggest that

more development on wing shape and aerodynamic

theory is needed in organisms with two pairs of wings

that can beat independently.
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