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Summary
1. Structural coloration is common among animals that produce sexual displays involving
motion or ultraviolet reﬂection. Different sources of colour may provide multicomponent signals
that indicate the location, sex, and ﬁtness of a potential mate or rival. We investigated the proximate basis and ultimate function of the wing coloration of the territorial damselﬂy Megaloprepus
caerulatus, which produces a dynamic, high contrast display during ﬂight. The wings of both
sexes have blue and white bands, but the location of the white patches are sex speciﬁc.
2. Wax ﬁlaments produce diffuse, white areas through broadband scattering of wavelengths
between 300 and 700 nm. Blue bands reﬂect wavelengths between 300 and 500 nm
(kmax = 398 nm) and shift in hue with viewing angle, the result of thin layer interference produced by layers of cuticle and pigment within the wing membrane. Both wing bands strongly
reﬂect UV wavelengths.
3. Both the iridescent UV-blue and white wing patches provide high contrast against the vegetation in forest light gaps where mating occurs. Moreover, the iridescent signal oscillates during
ﬂight. Angle-dependent UV-blue iridescence is periodically extinguished during each wing beat
cycle, in contrast to the white areas, which remain bright.
4. Males distinguish potential mates from rivals by the presence of a female’s white wing tip.
Blackening the white wing bands of males and adding white wing tips to resemble a female elicits
a sexual rather than aggressive response from males. Conversely, blackening the white wing tips
of females reduces sexual responses.
5. The proportional area of the white wing bands of males is indicative of wing symmetry, correlated with body size, and in turn, territory residency suggesting that it may serve as a signal of
male condition during intra- and intersexual interactions.
6. We propose that the ﬂashing iridescent UV-blue wing bands provide a beacon to potential
mates across forest light gaps, whereas the white patches serve in mate recognition and may indicate male quality or territorial status. Our study identiﬁes a unique combination of interference
and broadband reﬂectors that provide a dynamic multicomponent signal.
Key-words: damselﬂy, Megaloprepus caerulatus, structural colours, iridescence, ultraviolet,
sexual signalling

Introduction
The bright sexual signals of many animals include colours
that arise from reﬂective nanostructures rather than absorptive pigments (Parker 1998; Kemp 2002). The unique
*Correspondence author. E-mail: schultz@denison.edu

optical properties of these structural colours contribute to
complex displays that involve viewing angle, motion, high
contrast, or the reﬂection of ultraviolet (UV) light (Silberglied & Taylor 1978; Endler & Thery 1996; Marshall et al.
2003) as well as multicomponent signals in which different
components convey different information about senders
(Grether, Kolloru & Nerisissian 2004). Although most
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research on colours as indicators of ﬁtness has focused on
pigments, recent studies have shown that structural colours
also may signal the condition of mates or competitors (Fitzstephens & Getty 2000; Doucet & Montgomerie 2003; Siefferman & Hill 2005; Loyau et al. 2007).
Among insects, studies of structural colours as sexual signals have focused primarily on butterﬂies (Lepidoptera) and
shown that the brightness and spectral characteristics of
wings, especially at ultraviolet wavelengths, serve to identify
mates (Rutowski 1985, 1997) and in some species, inﬂuence
mate choice (Robertson & Monteiro 2005; Kemp 2007a,b).
This research has beneﬁted from a thorough understanding
of the reﬂective properties of photonic structures in wing
scales that are the proximate source of iridescent and UV colours that play a role in mating behaviour (Stavenga et al.
2004; Kemp & Macedonia 2006; Morehouse, Vukusic & Rutowski 2007; Rutowski et al. 2007). Dragonﬂies and damselﬂies (Odonata) comprise another group of highly visual
insects that exhibits sexual differences in iridescent and ultraviolet reﬂectance (Hilton 1986) in numerous taxa (i.e. Libellulidae; Calopterygidae, Pseudostigmatidae), however, we
know of only two studies (Fitzstephens & Getty 2000; Vukusic, Wootton & Sambles 2004) that have investigated the
source or function of these structural colours as sexual
signals.
Megaloprepus caerulatus, the world’s largest damselﬂy,
inhabits primary forests in Central and South America. Males
are typically larger than females and are sexually dimorphic
in the placement of two types of wing markings (Fincke
1992a). Whereas both sexes have pigmented, metallic blue
bands, in Panama and throughout most of their range (but
see Fincke 2006), only males sport a proximal, matte-white
band on the middle of all four wings (Fig. 1a). Females bear
white wing tips that are lacking in males (Fig. 1b). Males
defend water-ﬁlled tree holes in forest light gaps where
females come to mate and lay their eggs (Fincke 1992b).
Females mate only at defended sites and territory holders frequently chase and engage in face-offs with rival males. At very
large territories, smaller males use a satellite tactic to obtain
matings when the resident male is ﬁghting with a rival or
otherwise fails to detect a female that has entered the gap
(Fincke 1992b). After detecting a female, a male typically
hovers around her before she perches, permitting him to take
her in tandem. Although not as well developed as courtship
displays found in the territorial genus Calopteryx (Waage
1973), such behaviour could be used by females to assess the
quality of a potential mate.
Here we investigated the proximate basis of wing coloration in M. caerulatus and its effect on damselﬂy behaviour
to determine its function as a sexual signal. Using electron
microscopy and spectral analysis we compared the structural and optical properties of the wing bands within and
between the sexes. By manipulating the wing patterns of
males and females in the ﬁeld, we tested the hypothesis
that the alternative location of the white patches served in
mate recognition. Finally, we explored the potential of
wing patterns to serve as indicators of male ﬁtness by
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Fig. 1. Wing colour patterns of male (a) and female (b) Megaloprepus
caerulatus. Arrows indicate width measurements of blue and white
bands. White arrow = 13Æ1 mm.

comparing the wing signals of territorial and satellite
males.

Materials and methods
STRUCTURAL AND SPECTRAL ANALYSES OF WING
MARKINGS

All specimens of Megaloprepus caerulatus used in this study were
obtained from Barro Colorado Island, Panama. Colour analyses
were performed on individuals collected during the reproductive
season in January 2004 and December 2008. The source of wing coloration was identiﬁed by immersing excised wing fragments in a
medium (methyl salicylate) with a refractive index equal to that of
cuticle (= 1Æ56; Vukusic et al. 1999), which extinguishes structural
colours (Gilbert et al. 1988). To remove surface waxes that might
contribute to colour (Gorb, Kesel & Berger 2000), other samples
were scrubbed with a ﬁne brush soaked in chloroform or by immersion in the lipid solvent for 24 h. Samples of wing membranes from
two males and females were prepared for transmission electron
microscopy (TEM) following the procedures of Vukusic, Wootton
& Sambles (2004) and examined under an JEOL 2000-FX electron
microscope, or sputter-coated with 20 nm of palladium-gold alloy
and examined with a FEI NanoSEM scanning electron microscope.
The thickness of cuticular layers was measured from ten randomly
selected points in TEM sections from a forewing and hindwing of
each sex. For SEM, we mounted and sputter-coated separate samples cut from clear, blue, and white areas of male and female wings
and measured the length and width of 20 fully visible ﬁlaments from

 2009 The Authors. Journal compilation  2009 British Ecological Society, Functional Ecology, 23, 724–732

726 Schultz & Fincke
each patch. The dimensions of nanostructures were measured from
micrographs with ImageJ (NIH) and means were compared using
parametric statistics and JMP 6.0.3 software (SAS Institute Inc.,
Cary, NC).
Spectral reﬂectances were obtained between 300 and 700 nm from
the wings of freshly caught damselﬂies using an OceanOptics SD2000
spectrometer with a WS-1 diffuse white reﬂectance standard and a
PS-2 xenon light source. We restrained live damselﬂies on their sides
and focused the coaxial probe at a working distance of 2 mm and oriented 90 to the wing surface. The mean (± SE) peak reﬂectance
(kmax) and brightness (% reﬂectance relative to standard) of blue and
white wing bands were calculated and differences between sexes were
analyzed with Student’s t-tests.
To measure changes in reﬂectance with wing pitch during ﬂight, we
followed the methods of Rutowski et al. (2007) and obtained spectra
from wing bands at angles from 10 to 40 between separate illuminating and collecting ﬁbres, each ﬁtted with a collimating lens. The illumination was focused on the blue forewing bands of ﬁve males and on
the white wing tips of ﬁve females at a 90 elevation from the wing surface. Wing specimens were pinned on a universal stage and moved in
the x-y horizontal plane and rotated around the z-axis until a maximum reﬂectance peak was obtained. The target area of the 10 scan
was recorded with respect to wing venation and stage coordinates,
and re-established for each subsequent scan after recalibration with
the WS-1 reﬂectance standard. Spectra were recorded as the average
of 50 scans at each angle.

BEHAVIOURAL EXPERIMENTS

The ﬁeld component of this study was done over the reproductive season (i.e. between June and February) of 1995–1997. We manipulated
the wing patterns of male and females using a black marker or WiteOut correction ﬂuid (Bic Corp., Shelton, CT, USA) and assessed the
responses of makes to both sexes. The black marker removed the
metallic blue colour and produced a ﬂat reﬂectance of 2% between
300 and 700 nm. Artiﬁcial and natural white markings were equally
bright at UV wavelengths, but the former were 5–10% brighter above
400 nm (Fig. 3). The wing markings of males were altered as follows
(numbers refer to respective treatments): (1) a white tip was added
(2) white band was blackened (3) white band was blackened and a
white tip added. By using sham controls, we controlled for possible
handling effects of treated individuals as well as the additional weight
to the wing that resulted from the treatment manipulations. As a
result, the signals of the sham controls were also somewhat altered.
The controls for treatment 1 and 3 had Wite-Out added to the white
band (which increased reﬂectance by 20%) whereas controls for treatments 2 had the blue band blackened. Female manipulations
involved: (4) white band added proximal to natural blue band, (5) the
white spot or entire wing tip was blackened, (6) white band added and
white wing tip was blackened. Female controls for treatment 4 and 6,
had the white tips covered with Wite-Out and controls for treatment
5 had the blue band blackened. The responses of males to the treatment individuals were compared with the responses made to the relevant control individuals, using two-tailed Fisher exact tests.
Manipulated individuals (i.e. 2–11 unique individuals used per
treatment or control, mean of 4Æ2 ± 1Æ0 SE) were tethered and presented one at a time to unique territorial resident males (range 5–14
unique males per treatment or control, mean of 7Æ2 ± 1Æ0 SE). The
manipulated individual was secured with a black thread around its
thorax and tied to a meter-long dowel, about 3 cm from its end. A
lead of 10 cm permitted the individual to ﬂutter its wings and perch

naturally. Individuals were introduced to a territorial male near a
defended tree hole, at a distance between 3–5 m from the male (i.e.
the researcher slowly approached a perched male to a minimum distance of 3 m if the male failed to react initially). The time to react was
measured to the nearest second. A male’s reaction was broadly scored
as neutral (male hovered and subsequently perched or otherwise
ignored the individual), aggressive (male pursued the individual,
faced-off with it, and ⁄ or hit it as in a ﬁght), or sexual (male hovered
and subsequently attempted or achieved tandem formation). In eight
cases, a manipulated individual escaped the tether but the territorial
male still reacted to it. The latter were also included in the Fisher
Exact tests used to determine whether a male’s reaction differed
between manipulated and sham manipulated controls. To determine
the constancy of a reaction to a given manipulated individual, 34 of
the 43 total unique males used were presented with the same treatment individual three different times. In only one case did the male’s
reaction scores differ for a given treatment; then the more extreme
reaction was used. Within a given treatment, the time required for a
male to react varied only slightly within an individual (greatest range
of a given individual measured multiple times = 0–20 s). Hence,
analyses were based on a single reaction by unique resident males,
and the longest time to react was used in the analysis.

FIELD MEASUREMENTS OF WING PATTERNS

Forewing and abdomen length of male and female M. caerulatus were
measured over the reproductive season (i.e. between June and February) from 1995–1997. Asymmetry in wing length greater or equal to
1 mm was noted; inequalities in length of left and right forewing of less
than 1 mm were conservatively considered symmetrical. In both sexes
the width of the blue wing band was measured as the distance between
the corner of the blue notch and the point at which the proximal edge
of the blue patch intersected the second branch of the media vein (M2,
see Lencioni 2005 for wing vein designations). In males, the width of
the white wing band was measured as the distance from the point at
which the distal edge of the white band intersected the media vein, to
where the proximal edge of the white patch intersected that same vein
(Fig. 1a). The width of the blue or white band as measured above,
divided by total wing length was used as a surrogate measure of the
proportion of the total wing that was blue or white, respectively. To
determine how well this surrogate measure corresponded to the actual
proportion of the total wing area accounted for by the area of the blue
and white spot of males, photos of a measured wing were taken for 40
individuals. Using ImageJ software and the wing length as the scaling
measure, the total wing area, the area of the blue band and the white
band of males, and white tip of females were calculated as a percent of
total wing area. Both the surrogate and actual measures of areas are
reported in terms of a proportion of the total wing (i.e. length and area,
respectively), and hence control for differences in absolute wing size.
We distinguished between territorial males and satellite males to
determine if they differed in the relative proportion of each signal
component. Territorial males were deﬁned as those known to successfully defend a territory for ‡ 3 days, whereas satellite males were
those present at a defended site but which hid in the shadows and were
only brieﬂy chased if detected by the territory resident (see Fincke
1992a for behavioural details). Throughout, continuous variables
were analyzed by Pearson correlations or General Linear Models (SAS
version 9Æ1, SAS Institute), with day of marking as a covariate to control for seasonal effects (Fincke & Hadrys 2001) Bonferroni post-hoc
tests were used to determine which of the independent variables contributed to a signiﬁcant model effect.
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STRUCTURAL AND SPECTRAL CHARACTERISTICS OF

20

WING MARKINGS

The blue bands and white wing areas of M. caerulatus showed
reversible colour change when immersed in a medium of similar refractive index conﬁrming both colours as structural. The
blue bands lost their hue and brightness in methyl salicylate,
but remained dark brown in transmitted light, presumably
due to the presence of the pigment melanin. Under TEM,
cross-sections of wing from the blue bands showed three contrasting layers (Fig. 2a, arrow), c. 150 nm thick at both surfaces of the wing. The interior of the wing exhibited the
helicoidal laminations and pore canals of exocuticle (Neville
1975) with lacunae in the centre. In micrographs, the apparent thicknesses of the white, black, and grey layers at the wing
surface
were
48Æ06 ± 5Æ46,
61Æ46 ± 7Æ32
and
41Æ52 ± 7Æ98 nm (n = 40), respectively. If the refractive indices of these layers are similar to those estimated by Vukusic ,
Wootton & Sambles (2004) (2003) for the iridescent wings of
the damselﬂy Neurobasis chinensis, the layer thicknesses are
within the range expected for a multilayer interference reﬂector (Vukusic & Stavenga 2009).
White areas of the wing became entirely transparent in
methyl salicylate, demonstrating that the whiteness arises
from broadband scattering by non-uniform unpigmented
structures (Stavenga et al. 2004). Cross-sections of membranes from the white bands showed little internal ultrastructure, but SEM revealed a micropile of ﬁlaments (Fig. 2b,c) on
the wing membrane similar to the ‘rods’ that Gorb, Kesel &
Berger (2000) identiﬁed as a cuticular wax on the wings of
other Odonata. Filaments from the white bands averaged
539Æ74 ± 19Æ97 nm by 113Æ52 ± 6Æ76 nm (n = 40) and were
signiﬁcantly longer (F2,137 = 64Æ64, P < 0Æ0001) and thicker
(F2,137 = 31Æ7, P < 0Æ0001) than ﬁlaments on the blue and
clear portions of the wing. Chloroform removed the ﬁlaments
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from the wing membrane (Fig. 2d) and simultaneously rendered white areas transparent.
The reﬂectance spectra of blue bands had a unimodal
peak with an average kmax of 397Æ75 ± 11Æ86, n = 15 of
each sex (Fig. 3). Males and females did not differ in the
kmax (t = )0Æ703, P = 0Æ49) or relative brightness
(t = 0Æ51, P = 0Æ61) of their blue bands. However, the
white wing tips of females were signiﬁcantly brighter than
the mid-wing bands of males (t = )9Æ39, P < 0Æ0001).
Both produced a ﬂat spectrum that decreased gradually
from 300 nm to 700 nm. The kmax and brightness of the
UV-blue bands decreased linearly as the angle between the
illumination source and collection probe was increased from
10 to 40 (Fig. 4a,b), the deﬁnitive characteristic of iridescence (Fox 1976), whereas the white bands remained
unchanged.

1 µm

(c)

700

Fig. 3. Reﬂectance spectra (mean ± SE) of blue wing bands (black
symbols) of M. caerulatus and white wing bands (grey symbols) of
females (upper) and males (lower). Spectrum of a painted wing is indicated by the dashed line. We measured the spectra of wings oriented
90 relative to the coaxial light source and probe.

(b)

(a)
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(d)

Fig. 2. (a) Transmission electron microscopy
(TEM) image of a cross-section through the
blue band of a male M. caerulatus hindwing
showing thin layer reﬂectors (arrow) on both
surfaces. (b, c, d) SEM images of the wing
surface and wax covering from (b, c) an
untreated white band and (d) a white band
immersed in chloroform for 24 h.
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wing tip was blackened (v22 = 0Æ43, P = 0Æ8), so these
results were pooled. These male reactions were the most variable. Adding a white band and blackening the white wing tips
to make a female most resemble a male resulted in a neutral
response by the territorial males.
Most (73%) of the males reacted to presented individuals
within 1 s (mean = 2Æ9 ± 0Æ8 s, range = 1–58 s, n = 78),
and male reaction times did not differ between sham controls
and the experimental treatments (F1,63 = 0Æ09, P = 0Æ76).
However, there was a signiﬁcant effect of treatment on reaction times (F10,53 = 2Æ72, P = 0Æ009), caused by the relatively slower reaction of males to females to which a white
wing patch had been added (Bonferroni test, P < 0Æ05). The
slowest male took 58 s to react, even though he still reacted
sexually to the female.

20
WING PATTERN, BODY SIZE, AND TERRITORIAL
STATUS
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Fig. 4. Change in mean (± SE) peak wavelength (a) and relative
reﬂectance (b) with the angle between illumination and collection for
the blue (•) and white (s) wing bands. (c) Change in wing pitch during the wing beat of M. caerulatus (modiﬁed from Rüppell & Fincke
1989).

MALE RESPONSES TO ALTERED WING PATTERNS

Territorial males reacted sexually to all of the sham control
females, whereas they reacted aggressively to all but one of
the sham control males (Table 1). This suggests that our
manipulations of these individuals to control for handling
and additional wing weight did not signiﬁcantly interfere with
the sexual cues used by males to distinguish between the sexes.
Territorial males reacted as aggressively to treatment males
whose white wing band had been blackened as they did to the
controls whose blue wing patches were blackened (Table 1).
In contrast, territorial males reacted neutrally to a male with
a white wing tip added, and reacted sexually when both a
white wing tip was added and a male’s white band was blackened. Territorial males reacted sexually to both sham control
females and to females that had a white band added to their
wing. The male reaction to a female with a blackened white
spot did not differ from their reaction to females whose entire

The width of the iridescent UV-blue band was correlated positively with wing length for both males (r = 0Æ69, n = 447,
P < 0Æ0001) and females (r = 0Æ52, n = 228, P < 0Æ001).
For both sexes, our surrogate measure for relative wing area
occupied by the UV-blue band (i.e. the width of the UV-blue
band ⁄ total wing length) was correlated positively with the
actual relative area of the band (i.e. area of blue band ⁄ total
wing area, r = 0Æ81, P < 0Æ0001, n = 41 males; r = 0Æ83,
P = 0Æ006, n = 9 females). Similarly for males, the width of
the white band ⁄ total wing length was correlated positively
with the proportion of the total wing area that was white (i.e.
white band area ⁄ wing area, r = 0Æ70, P < 0Æ0001, n = 40
males). For females, the area of white wing tip was positively
correlated with wing area (r = 0Æ71, P = 0Æ03, n = 9
females).
Across males, the proportion of the wing that was white
was a positive indicator of male size as measured by forewing
length (r = 0Æ32, P = 0.0001, n = 447, Fig. 5b), and abdomen length (r = 0Æ35, P < 0Æ001). In contrast, the proportion of the wing that was iridescent UV-blue decreased
slightly as wing length increased (r = )0Æ14, P = 0Æ003,
n = 446, Fig. 5a). Symmetrical males had a higher proportion of white on their wings than asymmetrical males
(F1,443 = 8Æ28, P = 0Æ004). In contrast, the proportion of
UV-blue on the wing did not differ between symmetrical and
asymmetrical males (F1,443 = 1Æ45, P = 0Æ23). Satellite
males were smaller than territorial males (F1,41 = 15Æ25,
P < 0Æ001). Territory residents had a greater proportion of
their wing covered by the white band than did satellites
(F1,41 = 6Æ19, P = 0Æ02), whereas the proportion of the
wing covered by the blue band did not differ (F1,41 = 1Æ68,
P = 0Æ20). In contrast to males, the proportion of a female’s
wing that was blue was not correlated with wing length
(r = )0Æ10, P = 0Æ14, n = 228) or abdomen length
(r = )0Æ05, P = 0Æ48, n = 228). Nor did symmetrical
females differ from asymmetrical ones in the proportion of
UV-blue on the wing (F 1,220 = 0Æ06, P < 0Æ80).
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Table 1. Responses by 78 unique male
Megaloprepus caerulatus to males and
females with modiﬁed wing patterns
(n = 42). P values are given for 2-tailed
Fisher exact tests used to compare the results
of each treatment with the relevant sham
control (i.e. 1 vs. a, 2 vs. b, 3 vs. 1, 4 vs. c, 5 vs.
d, 6 vs. c)

Proportion of wing area

(a) 0·4

Treatment

Sexual

Sham control:
(a) White –out on white band
(b) Blue band blackened
(1) White tip added
(2) White band blackened
(3) White tip added ⁄ white band blackened
Male responses to treated females

0
0
0
0
8

Treatment

Sexual

Sham control:
(c) White tips whitened
(d) Blue band blackened
(4) White band added
(5) White spot or entire wing tip blackened
(6) White tip blackened & white band added

5
5
6
6
0

r = –0·14
P = 0·003

0·2

0·1

(b) 0·3
Proportion of wing area

Male responses to treated males

0·3
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P < 0·0001
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Fig. 5. Correlation between wing length and the estimated proportion of the wing surface covered by (a) blue or (b) white bands of 447
males of M. caerulatus.

Discussion
The contrasting wing pattern of M. caerulatus is comprised of
two structural colours produced by different means. The UVblue iridescence of the pigmented wing bands results from the
interference of light reﬂected by thin cuticular layers that
include melanin as an absorptive component. Similar reﬂectors have been identiﬁed in the iridescent bodies and hindwings of calopterygid damselﬂies (Fitzstephens & Getty 2000;

Aggressive

Neutral

P

1
0
5
1
0

0Æ048
1Æ0
0Æ001

Aggressive

Neutral

P

0
0
0
13
0

0
0
0
6
5

1Æ0
0Æ035
0Æ008

4
7
0
6
0

Vukusic, Wootton & Sambles 2004), but they contain more
birefringent layers and reﬂect wavelengths greater than
400 nm. The white wing tips and bands of M. caerulatus are
produced through broadband scattering by cuticular wax ﬁlaments on the wing membrane. Pruinescence and UV reﬂectance from the body of several Odonata species have been
attributed to surface waxes (Hilton 1986) and Gorb, Kesel &
Berger (2000) suggested that one function of cuticular waxes
on odonate wings may be to produce UV signals. We conﬁrmed both hypotheses and found a correspondence between
the size of wax ﬁlaments and the reﬂectance of damselﬂy
wings between 300 and 700 nm; the efﬁciency of broadband
scattering and intensity of UV reﬂectance depends on the
shape and sub-micron size of wax structures (Grant et al.
2003).
Megaloprepus caerulatus display in open treefall gaps
where the ambient light is white and in adjacent woodland
shade, which is relatively rich in short wavelength light (Endler 1993). The reﬂectance of tropical forest vegetation is deﬁcient at wavelengths below 500 nm (Doucet, Mennill & Hill
2007). The few studies of odonate colour vision (LavoieDornik et al. 1988; Yang & Osorio 1991) suggest that damselﬂy vision is at least trichromatic with UV (366 nm), blue
(410 nm), and green (525 nm) photoreceptors (Schultz,
Anderson & Symes 2008). Given these conditions, the UV
reﬂective white wing bands would be conspicuous to M. caerulatus either in gaps or woodland shade, while the UV-blue
iridescence is brightest in the direct sunlight of treefall gaps.
Iridescent-blue and white colour patterns are also exhibited
by tropical birds that display near light gaps (Endler &
Thery1996), butterﬂies (e.g. Morpho achillaena), and even
antlions (e.g. Glenurus peculiarus, Hogue 1993). The wing
patterns of the butterﬂy Heliconius cydno chioneus are sufﬁciently similar to M. caerulatus as to sometimes confuse the
males of both species (Fincke 1984).
When ﬂying or hovering, the pitch of the M. caerulatus
wing surface changes 90 during each wing stroke (Fig. 4c;
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Rüppell & Fincke 1989). The reﬂectance of the iridescent
bands is maximized when the incident light is normal to the
wing surface but is extinguished as the wing rotates and the
angle of incidence increases relative to normal (Fig. 4b). Consequently, the iridescent bands of a ﬂying M. caerulatus ﬂash
on and off with each wing beat providing a dynamic, conspicuous signal between 350 and 450 nm. Silberglied (1984) and
Vukusic et al. (1999) have suggested that the ﬂickering iridescent and UV-reﬂecting wings of Morpho butterﬂies are especially effective as long-range conspeciﬁc signals. We propose
that the iridescent wing bands shared by both male and
female M. caerulatus facilitate detection and identiﬁcation of
conspeciﬁcs across the tropical forest light gaps where individuals meet.
The white wing markings of M. caerulatus change slightly
in brightness with wing orientation (Fig. 4b), but remain
conspicuous throughout the slow and synchronous wing
beats. Despite our inadvertent modiﬁcation of the signal of
our sham controls, territorial males reacted to our sham
control females in a sexual fashion, and to the sham control
males in an aggressive fashion, similar to their behaviour
towards free ﬂying individuals (see Rüppell & Fincke 1989).
Manipulations using a zinc-based white paint with a UV
signal that realistically mimicked the natural white band
produced preliminary results similar to the current study
(M. Xu, O. Fincke and T. Schultz, unpublished data). Our
manipulations of wing patterns of the treatment individuals
suggested that a female’s white wing tip functions to cue
sexual recognition. Males reacted sexually to, and even
took in tandem, males that were given a white wing tip and
whose white wing band had been darkened (Table 1).
Conversely, experimental males lacking a white wing tip
elicited aggressive reactions even if the white band were
absent suggesting that a male’s white band is not used as a
cue to his sex. In addition to wing markings, an individual’s
behaviour should act as an additional cue to sex. Although
we occasionally found males that we had painted as females
subsequently defending a territory, we have yet to tease
apart the relative strength of behavioural and wing signal
cues. Nevertheless, our results from female manipulations
strengthened the conclusion that the white wing tip is a
prominent sexual cue whereas the white wing band is not.
Males reacted sexually to females with white wing tips even
when a white wing band was added (Table 1). Blackening
the wingtips reduced the sexual responses of males to
altered females, similar to the results obtained by Ballou
(1984) when she blackened the white stigma of female
Calopteryx maculata.
Our results failed to indicate a clear role for the white wing
patch of males in sexual recognition. This may not be surprising in light of the fact that in the Paciﬁc coast populations at
Corcovado, Costa Rica, and the Atlantic coast Mexican population at Los Tuxlas, the white band is absent in males altogether (Fincke 2006). The white bands may be used in species
recognition by providing additional contrast with the visual
background under cloudy or shaded conditions when iridescent colours are less reﬂective. In addition to that possible

function, our data suggest that the white wing bands of males
could serve as an honest indicator of male size and condition,
either during male-male contests for territories, or in female
choice of a mate. However, once in tandem, females do not
seem to discriminate against satellite males (see Fincke
1992b). In M. caerulatus, male size is the best predictor of
winners in territorial ﬁghts. Because females mate only at
territories defended by males, body size is positively correlated with mating success (Fincke 1992a). The proportion
of the total wing that was occupied by the white band
increased as a function of male size (Fig. 4), was greater for
territorial males than for satellites, and was greater in symmetrical males than asymmetrical ones. Hence, males might
use this non-pulsating UV signal above the ﬂashing signal
as an indicator of the size of a competitor, whereas females
might use it to assess the quality of a potential mate. Preliminary manipulation of the UV component of the male’s
white patch suggested it affects the outcome of male-male
encounters (M. Xu, O. Fincke and T. Schultz, unpublished
data).
Although we found that the white wing tips of females
were about twice as bright as the white wing bands of the
brightest males that were measured, we did not measure signal brightness of the males measured over the 3-year ﬁeld
portion of our study. Nevertheless, because the white wing
markings result from waxes secreted after eclosion, their
brightness could represent the status of fat reserves and age.
Through the abrasion of nanostructures, structural colours
are more prone to fade than pigmentary colours and
provide an honest signal of age (Kemp 2006). In several
species of calopterygid damselﬂies, the extent of male wing
pigmentation is positively correlated with fat reserves, parasite resistance, territory holding ability, and mating success
(Grether 1996; Siva-Jothy 1999, 2000; Cordoba-Aguilar
2002; Cordoba-Aguilar, Lesher-Trevino & Anderson 2007;
Contreras-Garduno et al. 2008).
Sexual signals evolve under selection to enhance both
perception and informative content (Doucet, Mennill & Hill
2007). Different elements in a complex colour pattern may
be under selection to enhance contrast and conspicuousness
(Endler 1990) or signify different information (Grether,
Kolloru & Nerisissian 2004; Meyers et al. 2006). Through a
combination of structural colours, the wing patterns of
M. caerulatus are well adapted for the efﬁcient transmission
of sexual identity in forest light gaps. Whether these multicomponent signals, which also indicate relative size and symmetry, are actually used to assess the quality of a potential
mate or rival male, or species identity is currently being
investigated.
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