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Brilliant iridescent colouring in male butterflies enables long-range conspecific communication and it has
long been accepted that microstructures, rather than pigments, are responsible for this coloration. Few
studies, however, explicitly relate the intra-scale microstructures to overall butterfly visibility, both in
terms of reflected and transmitted intensities and viewing angles.

Using a focused-laser technique, we investigated the absolute reflectivity and transmissivity associated
with the single-scale microstructures of two species of Morpho butterfly and the mechanisms behind their
remarkable wide-angle visibility. Measurements indicate that certain Morpho microstructures reflect up to
75% of the incident blue light over an angle range of greater than 100° in one plane and 15° in the other.

We show that incorporation of a second layer of more transparent scales, above a layer of highly irides-
cent scales, leads to very strong diffraction, and we suggest this effect acts to increase further the angle
range over which incident light is reflected.

Measurements using index-matching techniques yield the complex refractive index of the cuticle mate-
rial comprising the single-scale microstructure to be n=(1.56£0.01) + (0.06 £ 0.01)i. This figure 1is

required for theoretical modelling of such microstructure systems.
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1. INTRODUCTION

Certain Lepidoptera display vivid iridescent coloration
that exists largely independently of pigmentary colour.
The nature of the structures responsible for this irides-
cence has been studied extensively for over a century
(Hagen 1882, Mayer 1897; Onslow 1921; Suffert 1924).
Some early workers, using only optical microscopy,
correctly concluded that multilayer systems
primarily responsible for this iridescence (Mason 1927).
Later electron microscopy allowed these systems to be
imaged and characterized in much greater detail
(Anderson & Richards 1942; Lippert & Gentil 1959).
Recent work on a wide range of lepidopteran species has
elicited a more complete understanding of their iridescent
coloration (Ghiradella et al. 1972; Huxley 1975; Ghiradella
1984, 1991).

Researchers have analysed optical properties of large
areas of iridescent wing but not single scales. Optical
analysis of large wing areas, however, is generally prone to
the inconsistencies associated with scale alignment and
orientation and to extranecous effects from non-iridescent
scales and the wing substrate itself. To establish the true
nature of the optical response of the detailed micro-
structures observed, it is essential to examine single scales.

This study of iridescent coloration in two species of
Morpho butterfly is, we believe, the first that examines the
absolute reflectivity and transmissivity (and their angle

were

*Author for correspondence (p.vukusic@ex.ac.uk).

Proc. R. Soc. Lond. B (1999) 266, 14031411
Recerved 24 March 1999 Accepted 20 April 1999

1403

dependence) associated with single iridescent scales. This
enables quantification of optical contributions that result
from the specific physical structures producing the irides-
cence.

2. LEPIDOPTERAN WING SCALES

Lepidopteran wings are generally covered with rows of
partially overlapping scales. Most species have two
distinct layers of different scales. Typical scale dimensions
are of the order of 75 pm x 200 pm. The underside of the
scales is rather planar and featureless, while the top and
externally visible surface has an intricate microstructure.
This top surface exhibits one of several forms of ridging
that extends longitudinally from one end of the scale to
the other. The majority of ridges are connected at inter-
vals by a series of crossribs. Spacing between ridges lies in
the range 0.5-5.0pum depending on species and scale
type.

The morphological basis of iridescent colour in butter-
flies is determined by the structure on or in the surface of
the scales. Generally, this colour-producing structure is
predominantly multilayered in nature and interference
within these multilayers produces the colour observed.
Purely volume-diffracting (Morris 1975) and Tyndall-
scattering (Huxley 1976) structures also exist in certain
other orders.

Butterflies in the Morphinae possess distinct layering
within their ridging (in some species up to 10-12 layers).
Interference of light between these air—cuticle multilayers
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Figure 1. Optical images of (¢) a magnified region of

M. rhetenor wing showing the ordered arrangement of its single
layer of ground scales and (b) a magnified region of M. didius
wing showing the two distinct types of scales, glass scales
overlying ground scales. Scale bar in (a) for (a,b), 100 pm.

is the mechanism by which the stunning iridescent blues
and violets, characteristic of this order, are produced
(Anderson & Richards 1942). Some species within other
orders have similar structures to those in Morpho but with
dimensions that support strong reflection through multi-
layer interference at ultraviolet (UV) wavelengths
(Ghiradella et al. 1972).

We studied two species of iridescent blue butterflies:
Morpho rhetenor and M. didius. M. rhetenor has one layer of
highly iridescent ‘ground scales’ (Ghiradella 1994) on its
dorsal wing surface (figure la), whereas M. didius possesses
both a highly iridescent ground scale, lying in a layer
next to the wing substrate, and a second layer of near-
transparent ‘glass scales’ (Ghiradella 1994) exhibiting
relatively low iridescence (figure 14).

3. MATERIALS AND METHODS

A single ground scale was removed from an M. rhetenor
hindwing and a ground scale and a glass scale were removed
from a hindwing of M. didius. Each scale was mounted by its
basal end onto a ground-down needle tip and then examined
with an optical microscope.

Scanning electron microscope (SEM) images were taken
using a Hitachi S-3200N electron microscope. Transmission
electron microscope (TEM) images were taken after fixing
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samples in 3% glutaraldehyde at 21°C for 2h, followed by
rinsing in sodium cacodylate buffer. Samples were then fixed in
1% osmic acid in buffer for 1h, followed by block staining in
2% aqueous uranyl acetate for lh, dehydration through an
acetone series ending with 100% acetone, and embedding in
Spurr resin. Post-microtomed sample sections were stained with
lead citrate and examined using a JEOL 100S TEM. We then
conducted detailed measurements on the optical response func-
tions of an identical set of scales.

A single scale, mounted vertically on its needle, was
positioned at the centre of a Euler Cradle, this centre being
coincident with the path of a laser beam. In this way, optical
reflection and transmission data could be taken on a single scale
at any chosen angle. An achromatic lens was used to focus the
incident beam at normal incidence to the scale’s upper surface,
giving a diffraction-limited minimum beam waist of ¢a. 30 pm
diameter at the scale. A micromanipulator was employed to
ensure this small beam spot was consistently incident in the
centre of each scale.

A detector was arranged to scan 360° in the horizontal plane
around the centrally mounted scale, to measure both its reflec-
tivity and transmissivity. An Ar” laser, three He—Ne lasers and
a polarizer gave a choice of incident wavelengths and polariza-
tions. Each beam was attenuated to avoid damaging the scale.

A lens with a collection angle of £20° was placed in front of
the detector to collect the majority of the vertically spread
reflected light. A vertical slit-aperture in front of this lens gave
horizontal angle resolution. Signals recorded in reflection and
transmission from the scale at each wavelength were integrated
and compared with the integrated signal recorded without the
scale present. In this way absolute reflectance and transmittance
were calculated. This method was verified by replacing the
butterfly scale with a small glass plate to check that the reflec-
tion coeflicient of the glass was equal to that calculated from its
refractive index.

Attempts to fit theoretical models to experimental reflectivity
data generally suffer from uncertainties in the value of the
complex refractive index of cuticle material that should be used.
To address this uncertainty, absolute reflection and transmission
experiments with the M. rhetenor scale in air were repeated with
the scale immersed in isopropyl alcohol (IPA). The scale was
then removed and dried and the measurements repeated with
the scale immersed in bromoform. Both liquids, of refractive
indices n =1.38 for IPA and 1.58 for bromoform, filled the spaces
between the cuticle multilayering, thus changing the interfer-
ence conditions that produce strong reflectance at specific wave-
lengths. The additional set of optical parameters provided by
these immersion experiments permitted establishment of an
accurate theoretical model.

To quantify the wavelength-dependent reflectivity associated
with each butterfly over a wider range than that which our lasers
could accommodate, a reflectance spectrometer was employed
(Perkin Elmer Lambda 900 UV/Vis/NIR with 150 mm diameter
integrating sphere). Although single-scale analysis was not
possible due to the spectrometer’s design, large wing-area
analyses covered the near-UV, a wavelength band in which the
vision of some Lepidoptera and their predators shows strong
sensitivity (Lutz 1924; Silberglied 1979; Bennett & Cuthill 1994).

4. RESULTS

Figure 2 shows optical images of individual scales,
showing top surfaces both in reflection and transmission.
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Figure 2. Optical microscope images of single scales from M. rhetenor and M. didius. Top surface of the M. rhetenor iridescent ground
scale in (a) reflection and (b) transmission. (¢) Top surface of the M. didius iridescent ground scale in reflection and () in transmission.
Top surface of the M. didius glass scale in (e) reflection and ( f) transmission. (Note that the camera has compensated for low light
levels and the blue colour of the scale shown in (¢) is artificially enhanced.) Scale bar in (a) for (a,b,¢,d,e, /), 100 pm.

The characteristic blue iridescence exists only in reflection
from the top surface of each scale. The blue of the
M. didius glass scale (figure 2e, f ), which in comparison
with the blue of the ground scales is of relatively low
intensity, appears equally intense due to the contrast
compensation of the camera.

It is interesting to compare the transmitted colours of
cach scale. The ground scales of both species are dark
brown. This colouring derives both from the optical
absorption associated with pigment and the strong blue
reflection from the structure on the top surface. The
M. rhetenor ground scale appears darker than that of
M. didius, due either to a higher concentration of melanin
or to the presence of a more absorbing form of melanin
(Nijhout 1991). The M. didius glass scale appears highly
transparent, indicating the absence of melanin.

In figure 3, SEM images of the Morpho scales, and more
particularly TEM images of their cross-sections, reveal
the periodic upper-surface ridges containing multilayers
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responsible for the iridescent colour. This structure is one
of the two main variants of multilayer structure found in
Lepidoptera that display iridescence. The other, found for
example in iridescent scales of Urania moths (Lippert &
Gentil 1959), is formed from multilayers that exist within
the substrate of the scale itself.

The spatial patterns of reflection and transmission
from single iridescent ground scales of both butterflies
and from a glass scale from M. didius are shown in figure
4a,b. Tor the ground scales in air, with the beam incident
normal to the scale’s top surface and the scale oriented so
that the ridges run vertically, a broad reflection of speckle
is recorded, spanning over 100° in the horizontal plane
and ca. 15° in the vertical plane.

Reflection from the AM.rhetenor ground scale appears
divided into two distinct lobes around the normal to the
scale surface (shown in figure 4a, for a 488 nm incident
wavelength). TEM images of this scale indicate a distribu-
tion of tilts of the multilayer upper and lower surfaces,
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with respect to the scale normal, around an angle of ca.
15° on one or other side of normal. This appears to
support the idea that the lobing and broad angle of
reflected intensity is caused by multilayer surface tilt.

Figure 4a also shows the angle-dependent reflection
and transmission from the M. rhetenor ground scale
immersed in IPA for 455 nm incident light. Not only is
the reflection from the scale in IPA relatively less intense,
with first-order diffraction peaks visible in transmission,
but the reflected lobes have separated further in angle.
This is entirely expected since the new optical conditions
of the IPA—cuticle system only support blue reflective
interference at larger angles of incidence than for the air—
cuticle system. Far fewer multilayers are tilted enough to
support this strong blue interference, therefore the reflec-
tion is weaker.

In contrast to the double lobing of reflection from the
M. rhetenor ground scale, the M. didius ground scale
displays a single broad span of reflected intensity (figure
4p). TEM 1images reveal that the tilts of multilayer
surfaces, with respect to the scale normal, are distributed
around the normal itself and not, as in the M. rhetenor
scale, around a given angle either side of normal. Here
too, the broad angle-spread in reflection appears to result
from the tilting of layer surfaces.

Furthermore, weak diffraction is observed in transmis-
sion through the M. didius ground scale. Diffracted orders
appear at 35.510.3° either side of the zero order for
488 nm incident light. This diffraction necessarily origi-
nates from a periodic structure, whose periodicity is
calculated from the angle and wavelength to be
0.84+0.01 pm (Hutley 1982). TEM image measurement
of M. didius ground scales yields a regular ridge spacing
of 0.83 £ 0.03 um, confirming the periodicity of the ridges
as the source of the diffraction. Diffraction in reflection
from the ground scale was not discerned.

High levels of transmitted diffraction appear with the
M. didius glass scale. More than 70% of incident light of
all measured wavelengths is transmitted (in both direc-
tions), with strong diffraction efficiencies (figure 44 shows
this diffraction for 488 nm incident light). The angular
positions of the diffraction orders correspond to a peri-
odic spacing of 1.71 £0.03 um. Again, this compares
extremely well with the associated ridge spacing of
1.70 £ 0.05 pm, found from TEM images of M. didius glass
scales.

The wavelength-dependent absolute reflectivities and
transmissivities in air of single ground scales of M. rhetenor
and M. didius (determined by integrating and normalizing

Figure 3. SEM and TEM images of three types of Morpho
butterfly single scales. (a) A low-magnification SEM image of
M. rhetenor scales. (b) A high-magnification TEM image of a
cross-section through an M. rhetenor iridescent ground scale.
(¢) An SEM image of three M. didius scales on a prepared
region of wing. The central scale is an iridescent ground scale
and either side of it are glass scales. (d) A TEM image of the
cross-section through an M. didius iridescent scale arrangement
showing a region of glass scales resting above their underlying
ground scales as positioned on the wing. Both images clearly
show the multilayer arrangement within distinct structural
periodicities. Scale bars: (a) 120 pm; (b) 3 pm; (¢) 30 pm;

(d) 2 um.
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Figure 4. (a) Linear and polar plots of experimental data (using 488 nm TM—polarized incident light), showing 360° angle
scans around a single M. rhetenor iridescent ground scale in air and in IPA. (4) Linear and polar plots of experimental data (using
488 nm TM—polarized incident light), showing 360° angle scans in air around a single M. didius iridescent ground scale and
iridescent glass scale. (NB (i) A 90° polar angle corresponds to normal incidence on the scale. (ii) Polarizations are defined as:
TM, electric field parallel to ridges; TE, electric field perpendicular to ridges.
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Figure 5. Normalincidence wavelength-dependent reflectivity for M. rhetenor and M. didius single iridescent ground scales (dotted
lines in these two graphs represent guides to the eye). (Open circles and crosses represent T'M polarization data for M. rhetenor and

M. didius, respectively. Filled circles and diagonal crosses represent TE polarization data for M. rhetenor and M. didius, respectively.)
The top inset graph shows these single-scale data and also spectrometer data for large-area wing sections of both butterflies extending
into the UV. The solid line represents T'M polarization data for M. rhetenor and the dashed line represents TM polarization data for
M. didius. TE polarized data are not presented here. For comparison of the absolute single-scale data and the large-area spectrometer
data, the latter are scaled by a factor of 1.15 to normalize the effect of spectrometer optics and non-single-scale experimentation on
measured intensities. The bottom insert graph shows transmissivity for both single iridescent ground scales. (Polarizations are defined
as: TM, electric field parallel to ridges; TE, electric field perpendicular to ridges.)

the light collected in reflection from, and transmission
through, each scale) are shown in figure 5. Spectrometer
data, taken for large-area wing sections of each butterfly,
are presented in the top inset graph in figure 5 (overlaid
on the single-scale data).

The reflectivity data confirm what is discernible to
the wupper-wing surface of
M. rhetenor 1s a deeper and more intense blue than that of
M. didius. 'The peak reflectivity of ca. 40% (measured
using the single-scale technique) at c¢a. 475nm for
M. didius contrasts with the peak reflectivity of ca. 70% at
450 nm for M. rhetenor. This difference in absolute reflec-
tivity is caused by the greater number of layers within the
M. rhetenor ridging (figure 3b,d), and is predicted by multi-
layer theory (Huxley 1968). It is worth stating that this
theory predicts near-100% peak-wavelength reflection in
a system with upwards of five quarter-wave multilayers.
However, the Morpho multilayers are not structured on an
exact quarter-wave basis and therefore the reflectivity
falls below 100%. Further reduction in peak reflected
intensity is produced by the discrete nature of the multi-
layering and through the presence of optical absorption in
the scales’ structure.

human vision; namely,
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Polarization differences do not significantly affect
reflected light intensities for the M. didius ground scale,
but there is a clear difference in the M. rhetenor scale. This
possibly indicates a degree of polarization sensitivity in
the photoreceptors of the M. rhetenor species, already
found to exist in honey-bees (von Frisch 1965). Detailed
work on the visual system of this species is necessary to
confirm this.

The spectrometer-generated reflectivity results (see top
inset graph in figure 5), indicate the form of the wing
reflectivity at visible and UV wavelengths. These data are
subject to the inconsistencies of large-area measurement
described earlier, but they nonetheless indicate the extent
of reflection in the UV. For both species of Morpho, this
UV component of wing reflection is clearly significant
and must contribute substantially to the perception of
wing hue by UV-sensitive eyes.

Absolute reflectivity measurements for the M. didius
single glass scale in air, which are not presented here,
show a peak of 5-10% at blue wavelengths, decreasing to
ca. 3% at other wavelengths.

The bottom insert graph in figure 5 shows that absolute
transmission values through both types of ground scale in
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Figure 6. Comparison of wavelength-dependent M. rhetenor
single ground-scale reflectivity in air (solid circles) and in IPA
(crosses). Theoretical predictions are represented by solid
lines (using ten-layer models) and dashed lines (using
five-layer models), each incorporating a Gaussian angle of
incidence spread of ca. +15° (full-width half-maximum of
Gaussian distribution taken to be ca. 6°). The inset graph
shows the imaginary refractive index component (k-value)
associated with a single M. rhetenor iridescent scale used in the
calculation of theoretical reflectance curves.

air are also rather different. For the M. rhetenor scale there
is a constant 3-5% transmission through the scale for all
wavelengths. The absolute transmission for the M. didius
scale is equally low at blue wavelengths, increasing to ca.
20% at 633 nm. Low transmission at blue wavelengths
for both species is expected since a high percentage is
reflected by the multilayer system. At longer wavelengths,
where reflection decreases, low transmission is attributed
to absorption as well as to scattering from structures
beneath the multilayering. This absorption and the
absorption by the underlying wing substrate after scat-
tering in the scale is high, especially for M. rhetenor in
which more than 90% of the incident red light is
absorbed. This must be included when modelling thermo-
regulatory effects of iridescent wing scales (Wong et al.
1994).

The modification of absolute reflectivity from the
M. rhetenor single ground scale in air to that associated
with its immersion in IPA is shown in figure 6 (for which
the same single scale was used). Clearly the presence of
IPA in the multilayer system changes the optical condi-
tions. The reflectivity from this IPA-immersed single scale
peaks at green wavelengths. This agrees with the colour
change observed when a drop of IPA is placed on the
wing of a complete M. rhetenor specimen. Such change in
peak reflected wavelength may be used to test the validity
of theoretical modelling. But in order to model correctly
this wavelength-dependent reflectivity from the multi-
layer structure, it is necessary to measure accurately the
optical absorption associated with the low level of
melanin pigment present within it.

For this reason the wavelength-dependent reflectivity
and transmissivity of an M. rhetenor scale immersed in
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bromoform was measured. Bromoform has a refractive
index which matches closely that of the scale cuticle mate-
rial itself. During immersion, since the whole scale struc-
ture 1s optically matched by the bromoform index, there
1s negligible reflectivity and scatter associated with it. All
light incident on the scale in the medium of this liquid is
therefore either transmitted or absorbed.

Measurement of absolute transmissivities for the scale
at each wavelength enables quantification of the absorp-
tion coefficient (@) using Lambert’s law (Lothian 1969).
For this calculation the overall multilayer occupancy of
the scale in the direction normal to its substrate was
taken, from TEM measurements, to be ca. 30%. This is
equivalent to a material thickness of ¢ca. | pm.

The absorption coeflicient is related to the imaginary
component of the refractive index (k) in the relation
a = 4mk|A, (Wooten 1972), where A is the incident wave-
length. The calculated optical absorption associated with
an M. rhetenor iridescent scale, measured from absolute
transmissivity and expressed as k-values, is shown in the
inset graph in figure 6. Using traditional multilayer
theory (Huxley 1968), and these values for the optical
absorption of the scale, the reflectivity from the cuticle—
air and from the IPA—cuticle multilayer system of an
M. rhetenor scale was calculated and compared with
experimental data.

The solid and dashed lines in figure 6 show this theore-
tical modelling. Cuticle and air—layer dimensions, used in
the modelling, are taken from TEM micrographs. The
effect of possible sample shrinkage (as reported by other
workers (Anderson & Richards 1942; Ghiradella et al.
1972)) is fully accounted for by using optical diffraction
data from single-scale transmission experiments to
normalize the magnification of micrographs.

The value used for the real component of cuticle index,
with which the best fits to both air and IPA data are
obtained, is =156+ 0.01. This agrees with published
values (Land 1972; M. F. Land, personal communica-
tion). The IPA refractive index used in the modelling is
taken from literature.

The spread in tilt angle of the layering within the
ridges contributes to the large angle-spread in reflection,
and this modifies the absolute reflectivity from the scale.
From measurement of TEM images, this spread in tilt is
included in modelling by considering the contribution of
a £15° Gaussian distribution of surface tilts.

In addition, the multilayers in reality possess a reduced
effective occupancy within the system due to their incor-
poration into discrete periodic ridges. This occupancy is
estimated to be equivalent to less than ten but no less than
five complete layers. The modelling for both these
numbers of layers is presented with the experimental data
in figure 6 and serves as a guide to the upper and lower
bounds for the theory. The experimental data conform to
the predictions of this simple model for both the air- and
TPA-immersed scales.

5. DISCUSSION

Intrasexual communication between males, rather
than interspecific communication, is
thought to be the major selective agent responsible for
brilliant coloration in male butterflies (Silberglied 1984).

intersexual or
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Experimental evidence supports this hypothesis, indi-
cating that not only are males attracted to visual stimuli
resembling females, but that they can be repelled from
long distances by visual stimuli resembling other males
(Obara 1970; Stride 1958; Rutowski 1978, 1981; Silberglied
& Taylor 1978). Brilliant wing coloration appears to have
the capacity to serve as an agonistic device that is used
for threat (Hingston 1933) and for intimidation of rivals
for prime locations (Shields 1968). It has developed in
male butterflies to promote their visibility while in flight
or while resting with open wings.

Although some butterfly pigmentary colours appear
bright and highly visible to human eyes, their absolute
visibility is substantially inferior to those wing colours
that are generated through optical interference. Measure-
ments in this study indicate that over 70% of incident
blue light is reflected from the intra-scale structure of
M. rhetenor, far above what can be achieved through
pigmentary coloration alone. Selection pressures on these
species have caused the evolution of large numbers of
multilayers that are appropriately dimensioned for produ-
cing this very significant reflectivity. Such structural
coloration also enables change of hue with wing orienta-
tion, narrow spectral purity, the possibility of a strong
component of UV reflection, and distinct polarization
effects that are also not attainable with pigments.

Sheer brightness is very likely to serve its main purpose
in long-range communication. In terms of the spectral
response of human eyes, Morpho can easily be seen from
low-flying aircraft (Silberglied 1984), and Bates reported
visibility from ‘a quarter of a mile off” (Bates 1864).
However, the spectral response of the eyes of Morpho
should not be inferred, simply because our eyes perceive
them to be very brightly coloured (Bennett et al. 1994). In
the absence of complete and detailed studies on Morpho
visual perception that are not limited to the visible spec-
trum, several clues should be considered. For instance, a
substantial spectral sensitivity of Morpho eyes to the UV
component reflected from Morpho wings may be assumed
(Menzel 1975; Silberglied 1984). The existence, in the eyes
of some species, of tapetal reflectors and interference
filters whose function is to enhance colour contrast across
a narrow spectral band (Miller & Bernard 1968; Bernard
& Miller 1970; Bernhard ez al. 1970; Ribi 1980) may also
apply to Morpho eyes. The photoreceptors in the eyes of a
Morpho specimen, shown to exist at least as a trichromatic
system, appear to have a maximal response to blue
coloration (Swihart 1967) when tested across the human
visible spectrum. It is entirely probable that not only does
the blue reflection from a Morpho wing appear bright and
highly visible to other male conspecifics, but that it is
even more striking to them than to human eyes.

Conspicuousness also has its disadvantages. These male
butterflies must also be highly visible to predatory birds,
many of which have UV-sensitive vision (Bennett &
Cuthill 1994). Morpho males appear to be palatable and
probably suffer quite high predation. Their principal
defence is thought to be their highly manoeuvrable and
erratic flight (R. B. Srygley, personal communication).

This work introduces an additional element in the
subject of Morpho visibility, namely the viewing angle over
which they are visible. The discrete nature of the Morpho
multilayering within scale ridging enables two distinct
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effects, both of which enhance the angular spread of light
reflected from the wing. First, the presence of multilayer
surfaces that show a distribution of tilts with respect to
the scale substrate creates a very large spread in angle
over which the characteristic blue light 1s reflected.
Similar multilayer tilting, increasing the angular spread
of reflected light, has been found in the reflectors of the
crab Ovalipes (Parker 1998).

In addition, the existence of a second layer of periodi-
cally ridged but highly transparent glass scales above the
layer of highly iridescent ground scales causes strong
diffraction. This diffraction does not appear to serve the
purpose of optical dispersion, but acts to spread further
the angle over which incident light is reflected. A purely
spectral reflection from a mirror-like surface would
severely restrict the solid angle from which the wing can
be observed. Long-range communication would in this
respect be limited. In the case of the Morpho butterflies
studied here, incorporation into the optical system of
either a multilayer surface-tilt distribution, or diffraction-
assisted angle broadening using glass scales, or both,
enhances their overall angular visibility.

We thank Gavin Wakely at the E.M. Unit in the School of
Biological Sciences of Exeter University for expert technical
assistance, and David Bolton at the Royal Albert Museum,
Exeter, UK, for access to specimens. This work receives funding
from the BBSRC, the DERA (Farnborough) and Exeter
University.
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