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Summary

1. Flightis a key innovation in the evolution of insects that is crucial to their dispersal, migration,
territoriality, courtship and predator avoidance. Male butterflies have characteristic territoriality
and courtship flight behaviours, and females use a characteristic flight behaviour when searching
for host plants. This implies that selection acts on wing morphology to maximize flight perfor-
mance for conducting important behaviours among sexes.

2. Butterflies in the genus Morpho are obvious components of neotropical forests, and many
observations indicate that they show two broad categories of flight behaviour and flight height.
Although species can be categorized as using gliding or flapping flight, and flying at either canopy
or understorey height, the association of flight behaviour and flight height with wing shape evolu-
tion has never been explored.

3. Two clades within Morpho differ in flight behaviour and height. Males and females of one clade
inhabit the forest understorey and use flapping flight, whereas in the other clade, males use gliding
flight at canopy level and females use flapping flight in both canopy and understorey.

4. We used independent contrasts to answer whether wing shape is associated with flight behav-
iour and height. Given a single switch to canopy habitation and gliding flight, we compared
contrasts for the node at which the switch to canopy flight occurred with the distribution of values
in the two focal clades. We found significant changes in wing shape at the transition to canopy
flight only in males, and no change in size for either sex. A second node within the canopy clade
suggests that other factors may also be involved in wing shape evolution. Our results reinforce
the hypothesis that natural selection acts differently on male and female butterfly wing shape and
indicate that the transition to canopy flight cannot explain all wing shape diversity in Morpho.

5. This study provides a starting point for characterizing evolution of wing morphology in forest
butterflies in the contexts of habitat selection and flight behaviour. Further, these observations
suggest that exploring wing shape evolution for canopy and understorey species in other insects
may help understand the effects of habitat destruction on biological diversity.
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1991; Grimaldi & Engel 2005), it seems evident that selection

Introduction . . . .
to perform crucial behaviours has sculpted insect thoracic

Biological diversity in terrestrial ecosystems is dominated by
insect species, and a key element of their success has been the
evolution of flight (Grimaldi & Engel 2005). Flight has
allowed insects to move within and among habitat types, sea-
sons and elevations, and to expand across large geographical
distributions (Johnson 1969; Johnson & Bowden 1973; Riley
et al. 1995; Greenslade, Farrow & Smith 1999). Given the
dominance of insects in ecological space and time and that
they have evolved a diversity of flight mechanisms (Ellington
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and wing morphology. Indeed, thoracic, and in particular,
wing morphology have been associated with flight
performance during dispersal, migration, territoriality,
courtship and predator avoidance (e.g. Ellington 1984;
Benson, Haddad & Zikan 1989; Srygley 1994; Dudley 2000;
Breuker, Brakefield & Gibbs 2007; Dockx 2007; Johansson,
Soderquist & Bokma 2009).

In general, longer narrower wings are considered aero-
dynamically more efficient for long gliding flights, while short
wide wings are thought to be better suited for manoeuvrable
flapping flight. Wing aspect ratio and non-dimensional
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moment parameters are commonly used to describe and
quantify these characteristics of insect wing shape, particu-
larly for butterflies (Ellington 1984; Betts & Wootton 1988;
Dudley 1990; Srygley 1994). Here, wing aspect ratio indicates
the proportion of wing length to the mean wing chord, and
the first radial moment of wing area refers to the position of
wing centroid (i.e. centre of wing area). Theoretically, a
longer, narrower wing will be aerodynamically more efficient
than its short, wide counterpart because it reduces induced
drag and associated power expenditure (Vogel 1994). Wing
centroid position is also highly correlated with the second
and third moments of wing area (Ellington 1984; Betts &
Wootton 1988), which are proportional to the mean lift force
and profile power of the wing respectively (Ellington 1984).
A distal positioning of wing centroid at constant wing area is
therefore associated with increased force production and
greater induced drag relative to a more basal position
(Srygley 1994). Because both measures relate to the aerody-
namics of flight, wing shape may be associated with flight
behaviour. For example, butterfly species that glide exten-
sively exhibit a relatively elongate wing shape, particularly
the forewing, with high values of aspect ratio and low values
of wing centroid that decreases the energetic costs of flight.
Conversely, species with more rounded overall wing shape
have lower values for wing aspect ratio and higher values for
the position of the wing centroid and are predicted to be more
manoeuvrable (Betts & Wootton 1988), and employ flapping
flight to a greater degree (see Dudley 2000). In addition, such
wing shape differences may also be exhibited in the context of
sexual dimorphism within species (R.I.LH., unpublished
data).

All butterflies combine wing flapping and gliding, and the
proportional allocation between the two behaviours proba-
bly affects the amount of energy used for flight. For example,
flapping flight can be critical to powering take-off
(Berwaerts, Matthysen & Van Dyke 2008), whereas maximiz-
ing flight time demands efficient flight and may be important
for patrolling territories (Benson, Haddad & Zikan 1989)
and during migration (Gibo & Pallett 1979; Dudley &
DeVries 1990). Within the same species, migratory popula-
tions of insects often have significantly different wing shapes
than non-migratory ones. Migratory individuals generally
have a more elongate forewing apex that is energetically and
aerodynamically more efficient for gliding flight (Williams
1958; Johnson 1969; Yao & Zhang 2001; Dockx 2007;
Johansson, Soderquist & Bokma 2009). These observations
suggest that, in general, natural selection has acted to
influence insect flight behaviour and wing morphology rela-
tive to the costs of flight, albeit in the demanding context of
migratory energetics.

The insect biota in tropical rain forests is distributed
between the forest canopy and understorey. Although
together they form a vertical continuum, the canopy and un-
derstorey differ in temperature, humidity, light levels, plant
species and their life-forms, and these factors potentially
influence the vertical distribution of the species inhabiting
tropical forests (Pittendrigh 1950; Grubb et al. 1963; Allen,

Lemon & Muller 1972; Elton 1973; Richards 1976; Whitmore
1984; Fetcher, Oberbauer & Strain 1985; Basset et al. 2001).
Various studies on tropical forest butterflies have shown ver-
tical stratification among species (Jackson 1961; Burd 1994;
Beccaloni 1997), and there is strong evidence that neotropical
fruit-feeding Nymphalidae are partitioned between the
understorey and canopy at all taxonomic levels (DeVries
1988; DeVries & Walla 2001; and references therein). Consid-
eration of flight performance and wing shape, coupled with
environmental differences between the canopy and under-
storey suggest that there is potential variance in wing shapes
among butterfly species inhabiting these two strata.

The genus Morpho (Nymphalidae) occurs from Mexico
through Central and South America contains about 30
species (Lamas 2004), and includes some of the most visually
obvious of all butterflies. Because they are so noticeable
many observations have been made on Morpho butterflies,
including characterizing two broad categories of flight behav-
iour and vertical distribution in forest habitats (Table 1). In
some species, males predominantly use gliding flight to patrol
at the canopy level whereas females of the same species use
flapping flight to search for oviposition sites in both the
canopy and understorey. Conversely, both sexes in other
species fly in the mid to understorey, mainly employing
flapping flight. In addition, long-term ecological studies
also show vertical stratification among species of Morpho
(DeVries, Murray & Lande 1997; DeVries & Walla 2001;
P.J.D., unpublished data). Considered in concert, these
observations indicate that spatial use of forest microhabitats
differs among Morpho species.

The phylogenetic study of Penz & DeVries (2002) sug-
gested that canopy-flying species constitute a monophyletic
group within Morpho, and that understorey occupancy and
predominantly flapping flight is an ancestral condition.
Given existing linkages between butterfly flight performance
and wing shape (Dudley 2000; Berwaerts, Matthysen & Van
Dyke 2008), we expect differences in wing morphology to be
related to flight kinematics in Morpho. Accordingly, this
study tests whether evolution of wing morphology is associ-
ated with flight height and gliding. We do so by analysing
forewing length, wing aspect ratio and centroid in species
from two monophyletic groups within Morpho, and testing
whether independent contrasts in these wing variables at the
transition to gliding canopy flight are larger than contrasts
above this node.

Materials and methods

SPECIES SAMPLED

Based on the phylogeny of Penz & DeVries (2002) we focused on the
clade that includes most species of Morpho, and that comprised two
sub-clades: the achilles- and hecuba-groups. Study specimens were
the same as those used in Penz & DeVries (2002), where the specimen
locality data and repositories are noted. For continuity, we employ
the same taxonomic names as Penz & DeVries (2002). More recent
changes in nomenclature and the authorities for species names may
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Table 1. Observations on primary flight height and behaviours in members of the genus Morpho. Species marked with an asterisk were not
included in the analysis, but listed here for completeness. Names in parentheses correspond to nomenclature in Lamas (2004), and show the
differences in the status of some species or subspecies between Penz & DeVries (2002) and Lamas (2004). References: (1) Fruhstorfer (1913)
includes his observations and those of H.W. Bates, F.D. Godman, P. Hahnel, A. Mabilde, O. Michael, O. Salvin and J.F. Zikan; (2) Otero
(1986); (3) DeVries (1987) includes his observations and those of R. Canet and 1. Chacon; (4) DeVries & Martinez (1993); (5) Neild (2008); (6)
DeVries, unpublished data; (7) DeVries, pers. obs.; (8) Penz, pers. obs. Und, understorey; Can, canopy; M, male; F, female

Species Height Observations Source
adonis® (marcus) Und Flies fast sometimes at ~3-5 m height 1
eugenia® Und Males show slow flapping flight in mid to understorey of forest 7
One female observed flying in understorey searching for oviposition sites, flapping flight
aega* Und Flap-sail, slow flight 2,5,7,8
understorey, sometimes ascending along canyon cliffs and waterfalls
portis* Und Flies slowly, 1-2 m above the ground 1
sulkowsk yi* Und Sails on grassy mountain slopes 1
achilles Und Fast flapping flight, low to the ground 1,2,5
Trap data for Ecuador, Sucumbios, La Selva (10 years): 844 M and 547 F in understorey, | 6
M and 2 F in canopy
Trap data for Ecuador, Napo, Jatun Sacha (1 year): 98 individuals in understorey, none in 6
canopy
achillaena (helenor) Und Both sexes fly ~1 m from the ground 1
peleides (helenor) Und Both sexes with floppy, zigzag flight in the understorey and along rivers and forest edges; 1,3,5
flies with granadensis
Trap data for Costa Rica, Tirimbina (5 years): 46 individuals in understorey, one in canopy 6
granadensis (deidamia) Und Both sexes with floppy, zigzag flight in the understorey and along rivers and forest edges; 3
flies with peleides
Trap data for Costa Rica, Tirimbina (5 years): 49 individuals in understorey, one in canopy 6
catenarius (epistrophus) Und Both sexes with slow floppy flight in the understorey, among trees or at forest edges 1,7,8
polyphemus Und?* Flies from near the ground to the top of trees; males sail along the forest canopy or along 1,3
river beds
laertes (epistrophus) Und Both sexes with slow floppy flight in the understorey, among trees or at forest edges
deidamia Und Fast flapping flight 1
Trap data for Ecuador, Sucumbios, La Selva (10 years): four individuals in understorey, 6

none in canopy
Trap data for Ecuador, Napo, Jatun Sacha (1 year): five individuals in understorey, none in

canopy
didius (menelaus) Und®
amathonte (menelaus) Und Both sexes with floppy flight 3
Trap data for Costa Rica, Tirimbina (5 years): 62 individuals trapped in understorey, none 6
in canopy
menelaus Und® Flies high; females can be found near tree tops during oviposition times 1,2
Slow, floppy flight near the ground
Trap data for Ecuador Sucumbios La Selva (10 years): 173 M and 66 F in understorey, | M 6
in canopy
Trap data for Ecuador, Napo, Jatun Sacha (1 year): seven individuals in understorey, none
in canopy
godartii (menelaus) Und®
rhetenor Can Males fly 3-6 m height, flapping and gliding flight 1
Females settle on wet river banks, fly slowly when disturbed
Trap data for Ecuador, Sucumbios, La Selva (10 years): 2 M in canopy; none in under- 6
storey
Trap data for Ecuador, Napo, Jatun Sacha (1 year); I M in understorey at forest edge
cypris Can Males patrol at or above canopy level with gliding flight 1,3,4
Females weave in and out of the foliage with flapping flight 6
Trap data for Costa Rica, Tirimbina (5 years): five individuals in canopy, none in under-
storey
anaxibia Can Slow, sailing flight at canopy level 1,2,7,8
Females settle on wet river banks
cisseis Can Sailing flight at canopy level 1,5
telemachus* Can Gliding at canopy level in forest and along forest edges 5,7
hecuba Can Flies at canopy level and for long distances (~30 km in 2-3 h); quiet, slow flight 1,5,7
hercules Can Gliding flight at or above canopy 1,7
amphitryon Can®
perseus (telemachus) Can Gliding flight at or above canopy (8-10 m), scarcely flaps wings 1
theseus Can Soars at canopy level, males patrol breaks in the forest canopy 3,5

nterpreted as ‘within the forest’, or understorey microhabitat. ®Based on character optimization (canopy/ understorey flight) using MacCLADE
(Maddison & Maddison 2000). “Conflicting reports, but Fruhstorfer’s description seems to infer inner forest.
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be found in Lamas (2004) checklist. Unless indicated otherwise, mea-
surements were taken from two males and one female from 12 species
in the Morpho achilles-group (achilles, achillaena (1 M, 1 F), peleides,
granadensis, deidamia, laertes, polyphemus, catenarius, amathonte (1
M, | F), didius, menelaus and godartii) and nine species in the Morpho
hecuba-group (hecuba, cisseis, hercules, perseus, theseus, anaxibia,
amphitryon (1 M), cypris and rhetenor). Although we measured few
individuals per species, our sampling design probably captured the
spectrum of interspecific variation within the two focal sub-clades
inasmuch as our analyses focused on comparing morphological vari-
ation between two ecologically distinct species-groups rather than
within species variation. Because the taxa achillaena, peleides and
achilles formed an unresolved polytomy in Penz & DeVries (2002),
analyses here were performed with each of the three possible topolog-
ical resolutions.

FLIGHT HEIGHT

We consider flight height (canopy or understorey) to be correlated
with, and to provide a good indication of microhabitat use among
Morpho species. Information on primary flight heights was distilled
from three sources: quantitative canopy and understorey fruit-trap
samples, published and unpublished natural history records, and
personal observations (Table 1). In some cases, we were able to use
all three sources, but in others we could not. For example, all three
sources were in agreement with respect to flight height for Morpho
achilles. On the other hand, Fruhstorfer’s (1913) and our observa-
tions indicate that Morpho anaxibia flies in the canopy, but no trap
data were available. In three cases (Morpho didius, Morpho godart-
ii, Morpho amphitryon), we used character optimizations performed
with MacCrape (Maddison & Maddison 2000) to predict species
flight height. Because some observations indicate differences
between sexes (Table 1), our analyses treated males and females
separately.

achilles-group
understory

Male

Female

1cm achilles godartii

MORPHOLOGICAL VARIABLES

Wing variables were measured from images obtained by placing indi-
vidual specimens against a 5-mm paper grid. Images were taken with
a Nikon Coolpix 900 camera (Nikon Corporation, Japan) mounted
on a tripod and oriented in the same plane as the wings. Forewing
length was calculated with NITH mace software (http://rsb.info.nih.
gov/nih-image). Separate photographs of the forewing and hindwing
were joined into a single composite image using Adobe Photoshop
(Adobe systems, Incorporated, San Jose, California, USA) by
overlapping the hindwing costal margin with forewing vein Cu2 to
approximate the overlap seen in natural flight (Betts & Wootton
1988; S. Horisawa, pers. comm.).

Composite images representing the aerodynamically active wing
surface were used to calculate values of forewing length, aspect ratio
and wing centroid (Fig. 1; Morpho wings exhibit amplexiform
coupling flight). These images were processed in Adobe Illustrator
(Adobe systems, Incorporated, San Jose, California, USA) by
overlaying 14 concentric lines radially equidistant from one another
to obtain 15 concentric areas. This circular plot was centred on the
forewing base, and the outermost circle was adjusted so that it
touched the forewing apex. This image was laser-printed on paper,
cut out, and the concentric strips then cut along each line to yield 15
wing sectors. Each sector was weighed, and these weights coupled
with known areal mass density of paper were used to calculate aspect
ratio and the wing centroid (first radial moment of wing area) using
the equations in Ellington (1984). Mean values of forewing length,
aspect ratio and wing centroid were calculated separately for males
and females (Table 2).

INDEPENDENT CONTRASTS

In the phylogeny of Penz & DeVries (2002), the transition to canopy
flight within Morpho occurred a single time (see hecuba-group in

hecuba-group
canopy

rhetenor perseus

Fig. 1. Photographic images showing how a dorsal view of forewings and a ventral view of hindwings were aligned for analysis. Two representa-
tives of the Morpho achilles- and hecuba-groups were selected to demonstrate the range in wing shape variation within each group.
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Table 2. Forewing length (FW), aspect ratio (AR) and wing
centroid (WC) for males and females (M and F) in the understorey
achilles-group and canopy dwelling hecuba-group. Values here were
rounded from those used in calculating contrasts based on the tree
in Fig. 2

Species Sex FW (mm) AR wC
achilles-group
achillaena M 620 279 0-54
F 70-0 2:81 0-53
achilles M 655 2:67 0-54
F 755 2:58 0-54
amathonte M 89-5 323 0-51
F 91-0 3-04 0-51
catenarius M 67-8 2:97 0-53
F 732 2:86 0-53
deidamia M 753 2:96 0-52
F 781 295 0-53
didius M 84-8 2:92 0-51
F 870 2:98 0-51
godarti M 802 333 0-51
F 80-7 3-35 0-51
granadensis M 663 277 0-53
F 678 2:58 0-54
laertes M 689 3:05 0-53
F 74:6 296 0-53
menelaus M 772 3:05 0-51
F 738 2-88 0-53
peleides M 658 2:90 0-52
F 74-4 2:61 0-54
polyphemus M 820 275 0-52
F 782 3-31 0-53
hecuba-group
amphitryon M 872 3-50 0-49
F No data No data No data
anaxibia M 764 343 0-51
F 842 327 0-50
cisseis M 89-1 324 0-51
F 90-5 3-20 0-52
cypris M 62-7 3-88 0-48
F 753 3:32 0-50
hecuba M 90-4 334 0-51
F 1076 3-60 0-51
hercules M 759 320 0-51
F 741 2-88 0-53
perseus M 720 319 0-51
F 729 3-:03 0-53
rhetenor M 70-1 420 0-48
F 84-7 3-85 0-48
theseus M 835 324 0-50
F 782 3-57 0-51

Fig. 2). Furthermore, because all canopy species descended from a
common ancestor, their flight behaviour and wing characteristics are
confounded by phylogeny. This scenario precludes a standard corre-
lated evolution approach using independent contrasts to identify sig-
nificant relationships between ecological and morphological traits.
Instead, we used an approach developed by Garland ez al. (1993) to
investigate home range size differences between carnivores and ungu-
lates, a scenario similar to that described here for Morpho. This
approach focuses on the particular node where the shift in ecology
occurs to ask if there is significantly more change at this node than
elsewhere in the tree. The logic is that if a trait differs between two
clades it will show the largest change at the split between the two

Wing evolution in Morpho butterflies 1081

clades. Accordingly, we tested whether independent contrasts in fore-
wing length, wing aspect ratio and wing centroid were larger at the
node between the two Morpho sub-clades compared to contrasts
above this node. Independent contrasts (Felsenstein 1985) of the
three morphological variables were calculated with the ppap package
(Midford, Garland & Maddison 2003) in Mesquite (Maddison &
Maddison 2009). Because the phylogeny did not have an estimate of
branch lengths, these were arbitrarily set equal to one, and we
standardized the contrasts by dividing by their standard deviations
(the square root of their summed branch lengths). The adequacy of
contrast standardization was assessed with correlations between the
absolute value of standardized contrasts, and the standard deviation
of contrasts for each trait (Garland, Harvey & Ives 1992).

To test whether body size and wing shape changed with the shift to
canopy flight, we compared the basal node between the two sub-
clades (node ‘S’ in Fig. 2) with the distribution of changes within the
entire clade above that node (Garland ez al. 1993). Forewing length
was used as a proxy for body size since it is correlated with body mass
across butterflies (Dudley 1990) and within butterfly groups (R.I.H.,
unpublished data). Mean forewing length appeared to be greater in
the hecuba-group for both sexes. Thus, we used a one-tailed single
observation ¢-test adapted for this situation (Garland et al. 1993,
p- 278) to test whether size increased with the shift to flying in the can-
opy. To test whether changes in aspect ratio and wing centroid were
related to changes in size (=forewing length), we used least-square
linear regressions through the origin (Garland, Harvey & Ives 1992).
Regressions excluded the contrast at node ‘S’ since this was the con-
trast of interest for sub-clade differences (see below). Contrasts in
forewing length were converted to positive values, and the sign of cor-
responding contrasts in aspect ratio and wing centroid were changed
accordingly (Garland, Harvey & Ives 1992).

To test whether wing shape changed with flight height, the value of
the node ‘S’ contrasts for aspect ratio and wing centroid were com-
pared to the 95% prediction interval of the regressions against fore-
wing length. Since regressions were computed through the origin, we
followed Garland ez al. (1993) by calculating the prediction intervals
using the equations in Neter, Wasserman & Kutner (1989). If the
contrast at node ‘S’ fell outside the prediction interval, then more
change in wing shape occurred at the transition to canopy flight rela-
tive to changes within the two groups. As the hecuba-group was
known a priori to have higher average aspect ratio and lower average
wing centroid than the achilles-group, we used one-tailed #-tests for
the comparisons.

Because males and females can differ in their flight behaviours,
and Morpho cypris and Morpho rhetenor are strongly sexually dimor-
phic (Fruhstorfer 1913; DeVries 1987), we partitioned our analyses
by sex and tested for differences in wing morphology. Inasmuch as it
was known a priori in both the achilles- and hecuba-groups that
females had higher mean forewing lengths, lower mean aspect ratios,
and higher mean wing centroids than males, we used one-tailed -tests
to compare the standardized contrasts between sexes. Statistics were
done using r (R Development Core Team 2008).

Results

Contrasts in wing shape variables indicated that whereas
some wing measures differed significantly between males and
females, others did not. We found no difference in the achil-
les-group contrasts of forewing length, aspect ratio and wing
centroid between males and females, pointing to morphologi-
cal homogeneity among sexes and species in this group
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Fig. 2. Phylogeny of Morpho (after Penz & DeVries 2002) indicating
taxa in the achilles- and hecuba-groups and their flight heights. Node
‘C’ is the basal-most contrast within the canopy inhabiting hecuba-
group. Node ‘S’ marks the shift to canopy flight based on the optimi-
zation of “flight height” onto the cladogram.

(Table 3). Although male and female forewing length did not
differ in the hecuba-group, the contrasts in wing centroid and
aspect ratio differed significantly between sexes (Table 3).
Here, the smaller contrasts for males indicated less variation
in male wing shape among species (Fig. 3). We note that
analyses using the three different topologies to account for
the polytomy among Morpho peleides, Morpho achillaena
and M. achilles made no qualitative difference to any of our
results.

The associations between forewing length and aspect ratio
or wing centroid varied with sex. Standardized contrasts in
forewing length showed no significant correlation with aspect
ratio or wing centroid contrasts in males (Table 4). There
were, however, significant correlations between contrasts of
forewing length and aspect ratio and wing centroid in females
(Table 4). Thus, changes in wing shape are size independent
for males, but not females.

Comparing the pooled contrasts (achilles- and hecuba-
groups combined), above node ‘S’ with the contrast at this
basal node allowed us to compare changes in wing shape
between clades. The contrasts showed that forewing length at
node ‘S’ did not differ from the distribution of pooled con-
trasts above node ‘S’ for either sex (Table 3). Further, there
was no detectable association between body size, flight height
and flight behaviour, even in the hecuba-group where large
variation in wing length was evident (Fig. 3). Nevertheless,
the contrast at node ‘S’ for aspect ratio and wing centroid dif-
fered significantly in males, but not females (Fig. 3). This
indicates that the switch to flight at canopy height is associ-
ated with marked changes in male wing morphology in the
hecuba-group.

As a result of their notably elongate forewing apex the sis-
ter species M. cypris and M. rhetenor exhibited the highest
aspect ratio within the hecuba-group (Table 2). This outcome
strongly affected the calculated contrast between the clade
containing cypris and rhetenor and all other species in the
group (contrast at node ‘C’ in Fig. 2). These sister taxa also

Table 3. Comparisons of contrasts in forewing length (FW), aspect
ratio (AR) and wing centroid (WC). Values for 7 and P here are for
the polytomy resolution with achillaena and achilles as sister taxa.
However, topology differences did not qualitatively alter the results.
Note that for ‘group’, all contrasts within a clade were used, whereas
‘node’ implies only a single contrast. See Fig. 2 to locate specific
groups and nodes. M, male; F, female

Comparison t P-value
t-Tests

Sex, achilles-group Fw Myvs. F 0-28 0-61 NS

AR Myvs. F —-0-009 0-50 NS
wC Myvs. F 0-16 0-56 NS

Sex, hecuba-group FW Myvs. F 1-14 0-14 NS

AR Myvs. F 2:06 0-030 *
wC Myvs. F -2-12 0-029 *

Node ‘S’ vs. All FwW M 0-66 0-26 NS
contrasts above F 0-30 0-38 NS
node ‘S’

Regression (95% prediction interval)

Node ‘S’ vs. All AR M - <0-05*
contrasts above F - >0-05NS
node ‘S’

Node ‘S’ vs. All wC M - <005*
contrasts above F - >0-05NS
node ‘S’

affected the overall variance within the hecuba-group to the
extent that, for males, the contrast at node ‘C’ fell outside the
95% prediction interval (Fig. 2). This result suggests that the
elongate forewing apex in M. cypris and M. rhetenor reflects
further morphological evolution beyond the general changes
shown by other members of the hecuba-group.

Discussion

Here, we used field observations on flight height, flight
behaviour and quantitative measures of wing morphology to
test for associations among species in two sister groups of
Morpho butterflies. Our results support the hypothesis that
natural selection has acted to influence flight behaviour and
wing morphology relative to the costs of flight. Specifically,
we found that smaller contrasts and variances in forewing
length, aspect ratio and wing centroid among species in the
achilles-group (Table 3) were consistent with field observa-
tions indicating that both sexes fly in the understorey and use
a similar flapping flight (Table 1). Given observations that
only members of the hecuba-group utilize gliding flight exten-
sively, we expected that parameters of wing shape related to
¢gliding would change at the node ‘S’; where the switch to can-
opy flight height occurred (Fig. 2). Although there was no
significant change in forewing length for either sex (Table 3),
we found significantly greater change in aspect ratio and wing
centroid at node ‘S’ in males, but not females (Fig. 3).

Our study of Morpho butterflies revealed significant differ-
ences in aspect ratio and wing centroid among sexes, includ-
ing that wing shape changes were independent of body size in
males, but not females (Fig. 3, Table 3). These findings are
consonant with work showing sex-related differences in flight
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Fig. 3. Scatterplots of standardized contrasts in forewing length (FW) vs. aspect ratio (AR, top row) and wing centroid (WC, bottom row) for
males (left) and females (right). Contrasts within the achilles-group (solid circle) and hecuba-group (open circle) are plotted, with node ‘S’ indi-
cated with a letter. Solid lines represent the least-square linear regression through the origin for the contrasts above node ‘S’. Wide dashed lines
represent the two-tailed prediction interval, dotted lines the one-tailed prediction interval. Node ‘S’ falls outside of the one-tailed prediction
interval for both variables in males, but not females. The basal iecuba-group contrast (labelled node ‘C’) falls outside the two-tailed prediction

interval for males.

Table 4. Least-square linear regression for contrasts for males (M)
and females (F) within the achilles and hecuba clades above node °S’.
Regressions were through the origin using positivized standardized
contrasts in forewing length (FW) with aspect ratio (AR) and wing
centroid (WC) adjusted accordingly. Females showed a correlated
evolution between forewing length and wing shape, but males did
not. The statistics presented here refer to the topology in which
achillaena and achilles are sister taxa, but topology did not affect
results (see text)

Xvs. Y Sex Slope e F P-value

FWvs. AR M 0-00067 0-0006 0-010 0-92NS
F 0-0225 0-371 10-02 0-006 **

FWvs. WC M —0-00046 0-140 2:92 0-10NS
F —0-00078 0-317 7-87 0-012*

performance in other butterflies. For example, in European
Pararge aegeria (Linnaeus), males show better flight perfor-
mance at increased ambient temperatures than females, and
flight performance can differ between populations in forested
and open areas (Merckx, Karlsson & Van Dyke 2006).
Secondly, male territorial and flight behaviour in P. aegeriais
genetically associated with aspect ratio, body mass and rela-
tive thoracic mass (Berwaerts, Matthysen & Van Dyke 2008).
Finally, the study by Breuker, Brakefield & Gibbs (2007) on
wing morphology and sex-specific dispersal in European
Melitaea cinxia (Linnaeus) showed that changes in forewing
shape were associated with dispersal only in females.

In nature, changes in flight behaviour from flapping to
gliding represent subtle adjustments directly linked to an

individual butterfly’s energy budget and physiology (Srygley
& Thomas 2002; Dudley & Srygley 2008). Our study found
that wing shape within the genus Morpho is associated with
flight height. Observations from canopy towers and hilltops
indicate that males in the hecuba-group (e.g. Morpho hecuba,
Morpho telemachus, Morpho theseus, Morpho hercules) often
glide at canopy height for distances of over 1 km (P.J.D.,
pers. obs.). Given that gliding is less costly energetically than
flapping (Wakely & Ellington 1997), we reason that the shift
to gliding flight at canopy height (Fig. 2) is associated with
wing shape changes that reflect long distance patrolling
behaviours of the male sex. This observation is consistent
with the hypothesis that wing shape evolved to improve aero-
dynamic efficiency (Dudley 1990). Since female wing shape
did not change significantly at the shift to canopy (Figs 2 and
3, Table 3), aerodynamic efficiency only partially explains
wing shape patterns within Morpho. Female wing morphol-
ogy appears more constrained and correlated with size, per-
haps as result of increased predation pressure on females
(Ohsaki 1995), and/or increased mass allocation to the abdo-
men related to reproductive tissues (Marden & Chai 1991).
Here, sex differences combined with correlated evolution of
size and shape in females (Fig. 3) imply that there is a conflict
between optimal wing shape for male and female flight char-
acteristics according to the predominant activities performed
by each sex (e.g. see Johansson, Soderquist & Bokma (2009)
for mate-guarding and migrating in dragonflies). In sum, we
conclude that the shift to gliding flight at canopy height in
hecuba-group males is coincident with the evolution of wing
shape that reduces the energetic costs of patrolling in the can-
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opy, and in contrast, wing morphology of hecuba-group
females has remained more conserved and similar to males
and females of understorey species.

In addition to detecting a shift in wing shape at the switch
to canopy flight (see Fig. 2, node ‘S’), the contrast at node ‘C’
showed a large change in male wing shape within the hecuba-
group itself. Node ‘C’ corresponds to the contrast between
the branch leading to M. cypris and M. rhetenor and the rest
of the hecuba-group. It is thus affected by the two species with
wing shape at the far end of the continuum in Morpho
(Fig. 1) that show extreme values of aspect ratio and wing
centroid (Table 2). The large difference at node ‘C” indicates
unique wing shape evolution within the hecuba-group that
cannot be explained by the shift to canopy flight alone.

Although pronounced colour pattern dimorphism in
Morpho may have evolved (or was lost) multiple times (Penz
& DeVries 2002), M. cypris and M. rhetenor are the only
strongly sexually dimorphic species in the hecuba-group with
intensely iridescent blue males and dull, yellow-brown
females. In contrast to other species of Morpho, the forewings
of M. cyprisand M. rhetenor are markedly elongate (i.e. high
aspect ratio). As noted in Penz & DeVries (2002), the evolu-
tion of sex-linked dimorphism may reflect either the interplay
between female choice for iridescent males (Darwin 1874;
Fruhstorfer 1913), and/or selection for crypsis in females
(Wallace 1889). It has also been suggested that female irides-
cence is driven by male-male interactions (Silberglied 1988)
that represents a male-biased sensory exploitation system
(Vane-Wright 1985; Ryan et al. 1990). Whatever the factors
leading to sexual dimorphism, it would be of interest to inves-
tigate its potential contribution to the evolution of wing
shape and colour in M. cypris and M. rhetenor within the
context of the entire hecuba-group.

Some studies have suggested that tropical canopy insect
species are smaller relative to those that occur in the under-
storey (Wolda 1979; Erwin 1983). Indeed, among fruit-feed-
ing nymphalid butterflies in Costa Rica, DeVries (1988)
found that species trapped in the canopy had smaller mean
wing-lengths than those trapped in the understorey. That
study also showed that wing length and height of capture
could not, however, be separated from phylogenetic related-
ness. In this investigation, we accounted for phylogenetic
relatedness within Morpho, yet found no evidence that fore-
wing length changed with the shift to canopy flight in either
sex (Table 3), and that wing shape was independent of body
size for males but not females (Fig. 3). This suggests that
body size differentials among canopy and understorey insect
species require further investigation.

Species assemblages of fruit-feeding nymphalid butter-
flies in neotropical forests are known to be partitioned
between the understorey and canopy (DeVries 1988;
DeVries, Murray & Lande 1997; Shahabuddin & Terborgh
1999; DeVries & Walla 2001; P.J.D., unpublished data),
and there is increasing evidence for vertical stratification
among species of African forest butterflies (Fermon, Walt-
ert & Mulenberg 2003; Molleman ef al. 2006). By focusing
on the diversity and variation within Morpho butterflies,

our study provides a starting point for characterizing the
evolution of wing morphology of fruit-feeding nymphalid
communities within the contexts of flight behaviour and
habitat selection. It seems apparent that forest destruction
by activities such as logging creates ecological situations
where the integrity of the forest understorey, when left to
regenerate, can recover more quickly than the canopy. This
will have a measureable effect on resident canopy species.
Given that flight has contributed considerably to the
success of insects, in a general context, elucidating the evo-
lution of wing shape for canopy and understorey species in
many insect groups may be important to how we interpret,
and ultimately understand, ecological and evolutionary
effects of habitat destruction on biological diversity.
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