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Abstract

This study focuses on species diversity of butterflies in the genera Euploea and Papilio in Nam Nao
National Park. The butterflies were investigated every month for one year using insect nets. A total of 11
species, belonging to 2 genera and 2 families, were found. These were E. algea, E. camaralzeman, E.
core, E. midamus, E. mulciber, E. radamanthus, E. sylvester, P. helenus, P. memnon, P. nephelus, and P.
paris. The structure of the wing scales in different colour areas of 9 species was studied using a stereo
microscope and a scanning electron microscope. The general structure of the wing scales of the butterflies
of genus Euploea, independent of the colour it produces, is of longitudinal ridges, composed of tilted
scutes, cross ribs that connect the ridges, and trabeculae, which link the cross ribs to the membrane of the
wing scale’s upper lamina. In the Papilio species, there are 2 types of wing scales: one that exhibits blue-
green iridescence and has wide-spaced ridges with concavities in between; and one displaying white,
black, yellow, and red and has smaller widths between the ridges, with the space in between them
containing a reticular pattern of cross ribs. The study of the wing scale microstructure of the butterflies in
the Euploea and Papilio genera indicates that the patterns of the wing scale structure are genus-specific
and that, despite showing similar colours, the wing scales are equipped with different mechanisms
exemplifying diversity in structural coloration in nature.
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Introduction

Euploea (family Nymphalidae) and Papilio (family Papilionidae) are 2 genera of butterflies in the
order Lepidoptera [1]. They play important roles in natural ecosystems as pollinators and as food in the
food chain. Many species serve as indicators of environmental health and are a popular motif in the visual
and literary arts. Tropical butterfly assemblages are very diverse, with a wide range of endemic species
whose distribution is highly dependent on forest types and food plants [2-4].

In Thailand, there are many kinds of tropical rain forests, distributed over several National Parks
and Wildlife Sanctuaries. Located in the Central Region’s Phetchabun Province and the North-Eastern
Region’s Chaiyapum Province, Nam Nao National Park is contiguous with Tad Mok National Park and
Phu Pha Daeng and Phu Kiew Wildlife Sanctuaries. It has an area of 966 km? and was designated a
national park on 7™ October 1953. This national park has a very important function of headwater for
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several rivers and creeks. There are many drainage areas in the park, which are vital catchments for river
systems including the Yakruea Stream, Phromlaeng Stream, Huai Nam Chen, Loei River, and Pa Sak
River. The average annual temperature is 25 °C and the elevation is 650 - 1,200 m above sea level [5]. A
typical feature of the fauna in this area is great diversity of butterflies [1,6,7]. However, there have been
only a few studies of butterfly species diversity in Nam Nao National Park, with no such reports from
Phromlaeng. A previous study reported a total of 323 species of butterflies in the national park, including
9 Euploea and 8 Papilio species [8].

To build on the knowledge of species diversity of earlier works, we have chosen our sampling site
in Phromlaeng, where no studies on species diversity of butterflies have been conducted. We have
focused on 2 butterfly genera, namely Fuploea and Papilio, and selected areas on their wings showing
interesting colours for further microscopic study.

Butterfly wings are naturally occurring materials that have long attracted research interests, first by
natural scientists and, increasingly, later by material scientists working in the field of bioinspiration.
Butterfly wings come in several colours and patterns. The various types of coloration and patterns on the
wings serve a number of purposes. The wings have a function in thermoregulation, where they are used to
reflect solar radiation to the butterfly’s body [9]. Patterns and colours are also used for anti-predatory
purposes [10] and play a significant role in mate choice and sexual interaction [11,12]. Furthermore,
ultraviolet colours serve intraspecific communication, possibly related to male-male interactions and mate
choice by females [13]. The wide range of colours displayed on butterfly wings originate from either
chemical (pigmentary) or structural sources, or sometimes a combination of both. Different colours are
produced from wing scales, that cover the entire wings of the butterfly. Wing scales are arranged in rows
of basal scales and cover scales, with rows of the former located underneath those of the latter, i.e., basal
scales are only partially visible. Structural colours are caused by the interaction of light, with
microstructures on the wing scales that are in the order of visible wavelengths [14]. Shaped like a
dorsoventrally flattened sac, a wing scale is approximately 75 pm wide, 200 pm long, and 5 um thick
[15]. It consists of a lower lamina, which is usually smooth, and an upper lamina bearing intricate
microstructures. Terms used to describe different components of the upper lamina vary slightly. The
terms to be used throughout this paper are based on the work of Ingram and Parker [16]. Generally, a
wing scale contains a series of ridges running along its length. Ridges have dorsal outgrowths called
scutes. Located laterally on the ridges are flutes, which may extend to the adjacent ridges forming cross
ribs. All of these structures are connected to the membrane of the upper lamina by vertical supports called
trabeculae. The space between the trabeculae is termed lumen.

In pigmentary coloration, pigments like melanin [17] or fluorescent pigments [18] are integrated
into the chitinous structure of the scale. Only in the Pieridae [19] are pigment granules observed in the
lumen. In structural coloration, 3 types of photonic structures have been identified: diffraction gratings,
multilayer reflectors, and photonic crystals [16]. So far, several materials based on the design of the
architecture of the wing scale producing structural colour have been fabricated [20-23].

The objectives of the study were to reveal the species diversity of Euploea and Papilio butterflies
from Phromlaeng, Nam Nao National Park, and to determine the microstructures of the wing scales
producing different colours in each species of Euploea and Papilio using scanning electron microscopy.
The results show unity in structures, independent of the colour produced, in wing scales of the Fuploea
species, and different structural patterns when blue, as opposed to white, black, yellow, or red, is
produced from the wing scales of the Papilio species.

Materials and methods

Study site

The study site is Phromlaeng (Figure 1) located in the Nam Nao National Park, Thailand (latitude:
16°38'24.02"N and longitude: 101°34'52.9"E). The dry evergreen forest of Phromlaeng has an elevation of
740 m above sea level. It has a small check dam constituting a small barrier built across the direction of
the water flow of the Phromlaeng Stream.
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Figure 1 Study site for the butterflies’ fauna study from Phromlaeng, Nam Nao National Park

Sampling and identification

Field surveys for butterflies were conducted monthly from May 2016 to April 2017. The butterfly
samples were collected by hand nets from 8.00 a.m. to 3.00 p.m. Attempts were made to catch every
butterfly, but only the diversity of the 2 butterfly families of Nymphalidae and Papilionidae is presented
here. The external morphology keys of Ek-Amnuay [1], Pinratana [24], and Suwanpak [25] were used for
identification.

Scanning electron microscopy

Different areas on the wing scales of butterflies of the 2 families collected from our surveys were
subjected to scanning electron microscopy. We coated the specimens with 20 nm of gold and used a Zeiss
LEO 1450 VP to image the wing scale microstructures.

Results and discussion

Diversity of butterfly

Qualitative sampling of butterflies from Phromlaeng of Nam Nao National Park was taken monthly
during May 2016 to April 2017. A total of 11 species collected by hand nets could be classified into 2
families and 2 genera (Euploea and Papilio). The species belong to either the family Nymphalidae
(Subfamily Danainae) or the family Papilionidae (Subfamily Papilioninae). There were 7 species of the
genus Euploea (Figure 2) and 4 species of the genus Papilio (Figure 3). Table 1 shows a species list of
the butterflies found in Phromlaeng. The butterfly families of Nymphalidae and Papilionidae are large
groups of Lepidoptera, and include many common species, which can be found in a wide range of
habitats. Comparatively, Fuploea was the most dominant genus, having the highest number of species, at
7 species. For the present study, the species richness of butterflies was recorded during the summer
season. On the basis of the total number of species recorded, Euploea species were the most frequently
found at the site, because they often fly through canopy openness and sunshine. Another butterfly genus,
Papilio, was rarely found, and only a few were found at the site of the survey. Our results were compared
with those reported by Chondamrongkul and Chamnankid [8], who studied butterflies from 5 forest types
at Chern watershed area, Nam Nao National Park. They also found butterflies of the family Nymphalidae
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(9 species) and Papilionidae (8 species). Almost all species of the genera Euploea and Papilio found in
our study were recorded in Chondamrongkul and Chamnankid [8], except Euploea midamus. This species
was newly recorded in the dry evergreen forest from Phromlaeng, and was only found in May, which may
be due to food sources and natural habitats of butterflies [3]. From our observation, the butterfly
populations increased during the period of high temperatures, low precipitation, and light penetration, in
agreement with the study of Boonvanno et al. [2]. Furthermore, the area around the sampling site had
experienced a change through the construction of small dams, which replaced or reduced natural habitats
and wild plants that provide nectaring and egg-laying for the butterflies. This will likely have had a great
impact on the butterfly population and species richness.

Table 1 Species list of Euploea and Papilio at Phromlaeng, Nam Nao National Park

Genus Euploea Genus Papilio
Euploea algea Papilio helenus
Euploea camaralzeman Papilio memnon
Euploea core Papilio nephelus
Euploea midamus Papilio paris

Euploea mulciber
Euploea radamanthus
Euploea sylvester

Genus Euploea Fabricius, 1807

Euploea butterflies are in the family Nymphalidae and the subfamily Danainae. Members of
Euploea are usually characterized by dark or dark-brown wings with blue gloss. The blue gloss may be
present in the forewing or hindwing or both [24]. Seven species of the Euploea butterflies were found in
our survey in Phromlaeng. The description of their characteristics is as follows [1,24,25];

Euploea mulciber Cramer (Figure 2.1)

Male. Upperside: forewing with a bright blue gloss and marked with submarginal and
postdiscal series of white and blue spots; also, one spot in the cell and another discal spot at or beyond the
apex of the cell. Hindwing with a large velvety brown patch on the posterior half dividing the wing
diagonally. Underside: similar to upperside, with clearer markings but with a uniform brown colour
without blue gloss. Female. Upperside: forewing blue gloss only in the discal region. The white spots of
the forewing clearer and larger; basal streaks, one of which passes through the cell. On the hindwing, a
series of basal streaks, one followed by other streaks extending from the discal to the postdiscal region,
and submarginal white spots. Underside: similar to the upperside.

Euploea camaralzeman Butler (Figure 2.2)

Male. Upperside: forewing dorsum convex; basal and discal part of the forewing glossy blue;
one discal spot, one or a few postdiscal spots, and few submarginal tiny spots. On the hindwing, blue
gloss over the posterior basal and distal regions, and postdiscal and submarginal spots. Underside: similar
to upperside, but sometimes with a few more additional spots of lighter brown. Female. Forewing with a
few more spots, and hindwing with white spots at the apex of the cell, one or more discal spots, and
postdiscal and submarginal spots similar to the male, but larger.
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Euploea radamanthus Fabricius (Figure 2.3)

Male. Upperside: forewing short with blue gloss; a submarginal series of blue spots; apical
part of cell filled with white patch; white spot at the apical angle of the cell exteriorly in space 3 and
midcostal white streak above the cell; short blue band in 1b. Hindwing with broad white streaks in space
la-2, marginal and submarginal blue spots incomplete. Underside: light brown. Forewing similar to
upperside, but with an additional discal white spot. Hindwing similar to upperside, but with more streaks.
Female. Upperside: forewing with irregular white spots made up of patches from the apex of the cell to
midcosta; a white spot beyond the cell in space 3 and 2 spots in space 2. Hindwing with streaks in the
cell, not found in the male. Underside: similar to upperside.

Euploea sylvester Fabricius (Figure 2.4)

Male. Upperside: forewing glossed with blue and with a bright submarginal series of blue
spots and incomplete and obscure series of marginal spots of the same hue; 2 parallel bands in space 1.
On the velvety hindwing, no blue gloss, except in the discal region; a submarginal and a post discal series
of white spots. Underside: brownish dark. On the forewing, an apical spot in the cell, and bluish discal
spots in spaces 2, 3, and 6, as also postdiscal and submarginal series of spots. Hindwing with the above
marks, as well as the marks on the upperside. Female. Similar to the male, but larger.

Euploea algea Godart (Figure 2.5)

Male. Upperside: on the glossy blue forewing, a prominent brand in space 1b; post discal and
submarginal spots incomplete and obscure. On the hindwing, the spots clearer and more complete.
Underside: velvety brown. On the forewing, post discal and submarginal dots clearer, but incomplete,
discal spots in spaces 2 and 3, apical cellular spot; also, one more spot beyond the apex of the cell on the
costa. On the hindwing, complete and clear series of post discal spots; a spot in the cell space and, on its
periphery, a series of pinkish spots from spaces 2 - 6. Female. Similar to the male, but the brand on
forewing represented only by a trace on the upperside.

Euploea core Cramer (Figure 2.6)

Male. Upperside: pale along the margin of the wing, especially the forewing. Forewing with
postdiscal and submarginal series of spots that are absolescent, its apical region dusted with bluish white.
Hindwing with submarginal series of spots and postdiscal series of oval spots. Underside: paler, but apex
of blue forewing not bluish; 2 or 3 discal spots, and apical spot in cell. On the hindwing, with 5 discal
spots; otherwise similar to upperside. Female. Similar to the male.

Euploea midamus Linnaeus (Figure 2.7)

Male. Upperside: forewing suffused with blue, especially at the basal and discal regions;
submarginal of spots few of which are visible, and a thin brand in space 1b close to vein 2. Hindwing; a
series of oval postdiscal spots, and another series of submarginal spots, clear. The blue visible only
discally. Female. Similar to the male.

Genus Papilio Linnaeus, 1758

Papilio butterflies are in the family Papilionidae and the subfamily Palilioninae. Most have
swallowtail, but some are tailless. Most Papilio butterflies are large, black and yellow or green, with stout
bodies known as birdwings. Several species are very common throughout the country, yet some are
difficult to catch alive, as they are located on hills and flit away to great heights when threatened [24].
Four species of Papilio butterflies were found in this survey in Phromlaeng. The description of their
characteristics is as follows:

Papilio paris Linnaeus (Figure 3.1)
Male. Upperside: body and wing green dusted; forewing dark, and darker towards the base.
Hindwing with a large patch of bluish green covering spaces 4 - 6 distally, and a red incomplete ocellus at
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space 7, and another at the tornus. Underside: brownish-black; on the forewing, ashy vein-stripes very
broad distally. On the hindwing, with a complete series of red submarginal lunules which, in spaces 1 - 3,
look more like ocelli-Spatulate tails. Female. Similar to the male.

Papilio memnon Linnaeus (Figure 3.2)

Male is tailless. Female is polymorphic with tail.

Male. Upperside: black and greenish or bluish vein stripes on both wings.

Underside: black, but with a large red basal spot, which in the hindwing divided by the black
veins, and fine long white parallel stripes in spaces 1 - 5 radiating from the periphery of the cell; also, a
submarginal series of round spots. Female. f. distantianus Rothchild. Upperside: forewing, with the
basal area of the cell red, and the basal area below the cell black. On the hindwings, with white stripes in
spaces 1 - 6 converging to the basal part. The stripe in space 6 very faint; submarginal black spots; those
in spaces 1 to 3 surrounded by red.

Papilio helenus Linnaeus (Figure 3.3)

Male. Upperside: the black forewing with 4 thread-like lines in the cell and faint grey vein
stripes, which in some cases may look greenish, and in others brownish. The tailed hindwing carries a
discal white spot each in spaces 5, 6, and 7, the last nearly quadrate and smaller than the others; also, red
marginal rings enclosing black spots from spaces 1 to 5, the tornal one being very clear and distinct.
Underside: a dull black, with clearer vein stripes on the forewing than on the upperside. On the hindwing,
the white spots similar to the upperside, the marginal red rings circling the black extending from spaces 5
- 7, the red may look like lunules; also, an additional submarginal red ring in space 2. Female. Similar to
the male.

Papilio nephelus Boisduval (Figure 3.4)

Male. Upperside: forewings are completely black, without any trace of white. The hindwing is
velvety black, with a patch of white covering the discal region in spaces 5, 6, and 7. Underside: black
forewing with clear vein stripes, especially towards the margin. Hindwing costal region above the cell
with dusted; 3 white patches as on the upperside, black ocellus surrounded by brick red in space 1 and
submarginally in space 2; submarginal lunules of brick red enclosing black, traces of white marginally.
Female. Similar to the male.
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Figure 2 Specimens of the genus Euploea. 1, E. mulciber (A, upperside, B, underside), 2, E.
camaralzeman (A, upperside, B, underside), 3, E. radamanthus (A, upperside, B, underside), 4, E.
sylvester (A, upperside, B, underside), 5, E. algea (A, upperside, B, underside), 6, E. core (A, upperside,
B, underside), 7, E. midamus (A, upperside, B, underside) (scale bar = 2 c¢cm).
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Figure 3 Specimens of the genus Papilio. 1, P. paris (A, upperside, B, underside), 2, P. memnon (A,
upperside, B, underside), 3, P. helenus (A, upperside, B, underside), 4, P. nephelus (A, upperside, B,
underside) (scale bar = 3 cm).
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Structure of wing scales

Microscopic structures of wing scales from 3 areas of blue iridescence in 3 Euploea species are
presented (Figure 4), and those from 2 areas of blue and green iridescence and one displaying red colour
in P. paris are shown (Figure 5). In E. mulciber (Figure 4A), basal and cover scales are of similar length;
whereas, in E. camaralzeman (Figure 4C) and E. sylvester (Figure 4E), the cover scales are longer than
the basal scales. Rows of scales in E. mulciber (Figure 4A) do not overlap, exposing the base of the
scales. In E. camaralzeman (Figure 4C) and E. sylvester (Figure 4E), the anterior bases of the scales are
hidden from view by the posterior ends of the immediate anterior scales. The architecture of the upper
lamina of the 3 Euploea species are comparable (Figure 4B for E. mulciber, Figure 4D for E.
camaralzeman, and Figure 4F for E. sylvester). A series of ridges run along the length of the scales, with
each ridge composed of tilted scutes. Cross ribs laterally link the ridges together, and trabeculae extend
from the cross ribs connecting them with the upper lamina membrane (Figures 4B, 4D and 4E). In all
species, the spacing between the ridges is about 1 pum, that between the cross ribs varies slightly, at 400 -
600 nm for E. mulciber and E. camaralzeman, and 600 - 800 nm for E. sylvester.

The general architecture of the scales of the Euploea species collected from Phromlaeng is of an
unspecialised type [15], with layers of scutes constituting ridges, connected laterally by cross ribs, in turn
linked to the upper lamina membrane by trabeculae. The scales of other areas on the wing that display
other colours than blue (not shown) also possess an architecture of this type, indicating a general
unspecialised pattern of wing scales in Euploea. The iridescent blue shades of E. mulciber have been a
subject of detailed study by Dechkrong ef al. [26] and Mika et al. [27]. They have found that the highly
tilted scutes of the ridges “produce a limited-view, selective wavelength (ultraviolet (UV)~green) as a
result of multiple interference between the cuticle-air layers” [27]. Factors that affect the iridescence of
the scales include refractive indexes of chitin and air, the thickness of the scutes, the spacing between
them, and their tilt angle [26,27].

Wing scales of Papilio species are classified into 2 types. The scales exhibiting blue-green
iridescence (Figure SA - 5D) have wide-spaced ridges, with spacing of 8 - 9 um. Between the ridges are
dense lines that are about 100 nm apart. Longitudinally, the space between the ridges are divided in 2
halves, each of which contains structures resembling cross ribs that create several shallow concaves
between them. The other type, which displays colours like black, white, yellow, and red (Figures SE and
5F), have narrower-spaced ridges. The spaces between the ridges are called windows, which have a
reticular pattern known as a quasi-honeycomb structure [15]. In green wing scales of P. palinurus, having
a similar structure to those of the green-blue scales of P. paris, the green colour observed by our eyes is
actually a result of colour-mixing between yellow from the flat region and blue from the inclined sides of
the concavities [28]. Similarly, the blue colour of P. ulysses is a mixture of green from the concavities and
deep purple from the ridges, in P. blumei, the yellow colour from the flat region is mixed with the blue
colour from the inclined sides to give the green colour seen by our eyes [29]. From the structural
similarity perspective, it is possible that a similar colour-mixing mechanism also occurs in the blue-green
scales of P. paris. Recently, there have been attempts to manufacture functional materials inspired by the
intricate morphology of butterfly wing scales. So-called butterfly fibres are an innovative material,
composed of alternately arranged layers of polyester and nylon whose lamina thickness is strictly
controlled in order that the colours of the fibres are structural rather than chemical [30]. This health- and
environmentally friendly innovation could be a great alternative to the use of synthetic dyes, many of
which are toxic and polluting [30]. For potential applications in the fields of security labelling or the
manufacture of dynamic and vivid paints and coatings, photonic structures mimicking the wing scale
morphology of the Indonesian butterfly Papilio blumei have been fabricated [31]. Based on the design of
wing scales of the butterfly Euploea mulciber, 3-dimensional metallic microstructures have been
fabricated which could be used in such diverse fields because of their optical, electronic, magnetic,
thermal, and catalytic properties [32]. Wing scales of the Morpho butterfly with a coating of gold by way
of physical deposition changes the surface morphology of the wing scales, enabling a sensitive optical
readout for high-resolution IR detection [33]. The fabrication of these structures exemplifies the diversity
of functional materials that could be generated based on the design of wing scale microarchitecture. By
exploring the chitinous microstructure of different types of wing scales and relating it to its function, one
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adds new dimensions to the ever-expanding body of knowledge in the field of biological materials, in the
hope that interesting design ideas would be picked up by material scientists and engineers alike, who are
increasingly looking towards nature for inspiration in the fabrication of new and innovative materials.

E. mulciber : ; J E. mulciber

Figure 4 Micrographs and photographs (insets) of wing scales that show blue iridescence in E. mulciber
(A and B), E. camaralzeman (C and D), and E. sylvester (E and F). A, C, and E are overviews of the basal
and cover scales. B, D, and F show microstructures of the cover scales of the respective species. Arrows
mark scutes of the ridges, asterisks cross ribs, and arrowheads trabeculae.
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P. paris

50 pm

P. paris

R B e i e

1 pm

ng scales that display blue-green iridescence (A-D)
and red colour (E and F) in P. paris. A, C, and E are overviews of the basal and cover scales. B, D, and F
show microstructures of the interested scales within the respective parts. A and B: The blue-green scale is
distinct from the surrounding black scales by their wider-spaced ridges. In between the ridges, structures
resembling concavities are found. C and D: The bright blue scales which show a similar architecture to
that observed in A and B. E and F: Red (r) and blue (b) scales lie close together, but are structurally
distinct. The spaces between the red scales are reticular (a quasi-honeycomb structure).

Conclusions

A total of 11 species of the genus Euploea and Papilio were found from our collection site in the
Phromlaeng of the Nam Nao National Park in Thailand. Three types of wing scales were found from the 2
genera. Wing scales of the Euploea species are similarly constructed, independent of the colour they
produce. Each scale is composed of longitudinal ridges, formed by tilted scutes. Lateral cross ribs connect
the ridges together, while trabeculae extend from the cross ribs to the membrane of the upper lamina
supporting the overall structure of the wing scale. In Papilio, the scales that exhibit blue-green iridescence
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have concavities in between the ridges, whereas those displaying other colours, like white, black, yellow,
and red, have a reticular pattern, resembling a quasi-honeycomb structure. Our results are in agreement
with previous studies that show genus-specificity of the microstructures found on wing scales. For our
future work, we plan to subject wing scales to transmission electron microscopy and to optical
experiments, to learn if specific mechanisms are at play in structural coloration of these species.
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