
Hindawi Publishing Corporation
International Journal of Evolutionary Biology
Volume 2013, Article ID 926702, 6 pages
http://dx.doi.org/10.1155/2013/926702

Research Article
A Survey of Eyespot Sexual Dimorphism across
Nymphalid Butterflies

Christopher K. Tokita,1 Jeffrey C. Oliver,2,3 and Antónia Monteiro2,4

1 Yale College, New Haven, CT 06511, USA
2Department of Ecology and Evolutionary Biology, Yale University, New Haven, CT 06511, USA
3Department of Zoology, Oregon State University, Corvallis, OR 97331, USA
4Department of Biological Sciences, National University of Singapore and Yale-NUS College, Singapore 117543

Correspondence should be addressed to Antónia Monteiro; antonia.monteiro@nus.edu.sg

Received 30 July 2013; Accepted 22 October 2013

Academic Editor: Amitabh Joshi

Copyright © 2013 Christopher K. Tokita et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Differences between sexes of the same species are widespread and are variable in nature. While it is often assumed that males
are more ornamented than females, in the nymphalid butterfly genus Bicyclus, females have, on average, more eyespot wing color
patterns than males. Here we extend these studies by surveying eyespot pattern sexual dimorphism across the Nymphalidae family
of butterflies. Eyespot presence or absencewas scored from a total of 38wing compartments for twomales and two females of each of
450 nymphalid species belonging to 399 different genera. Differences in eyespot number between sexes of each species were tallied
for each wing surface (e.g., dorsal and ventral) of forewings and hindwings. In roughly 44% of the species with eyespots, females
had more eyespots than males, in 34%, males had more eyespots than females, and, in the remaining 22% of the species, there
was monomorphism in eyespot number. Dorsal and forewing surfaces were less patterned, but proportionally more dimorphic,
than ventral and hindwing surfaces, respectively. In addition, wing compartments that frequently displayed eyespots were among
the least sexually dimorphic. This survey suggests that dimorphism arises predominantly in “hidden” or “private” surfaces of a
butterfly’s wing, as previously demonstrated for the genus Bicyclus.

1. Introduction

Sexual dimorphisms are widespread and variable in nature
and can result from either natural or sexual selection act-
ing differentially on male and female traits [1–4]. Often,
extensive mate-choice experiments, predation experiments,
or documentation of sex-specific life histories need to be
performed in single species beforewe understandwhich form
of selection led to the evolution of the sex-specific traits [2].
A complementary approach to direct experimentation, how-
ever, is to survey the patterns of sexual dimorphism across a
group of closely related organisms anddiscoverwhether these
are congruent with the findings obtained for single members
of the group. These comparative studies across species can
help address whether the experimental knowledge obtained
for a few species is generalizable across species.

The eyespots in the nymphalid butterfly species Bicyclus
anynana have been the subject of multiple laboratory exper-
iments that concluded that they are likely evolving under
both natural and sexual selection.Mate choice experiments as
well as predation and mark-recapture experiments indicated
that the dorsal eyespots are involved in mate signaling,
whereas ventral eyespots play a role in deflecting the attacks
of vertebrate predators [5–8]. In addition, this species is
sexually dimorphic regarding eyespot number with females
displaying, on average, one more hindwing dorsal eyespot
than males (E. Westerman, pers. comm.).

Comparative studies performed across 54 species in
the genus Bicyclus indicated that eyespots on the dorsal
and forewing surfaces were likely evolving under disruptive
sexual selection, whereas eyespots on the ventral and hind-
wing surfaces were likely evolving under stabilizing natural
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Figure 1: Nymphalid wing compartment nomenclature. Only com-
partments that had eyespots across the species surveyed are shown.

selection [9]. In addition, patterns of eyespot gains and losses,
explored separately across males and females of the genus,
showed that sexual dimorphismswere likely the result of both
sex-limited gains and sex-limited losses of eyespots, most
often leading to females becoming the more ornamented sex
[10].

Outside of Bicyclus, it is currently unclear whether
female-biased eyespot ornamentation is a typical feature of
nymphalid butterflies and whether eyespots in particular
wing surfaces are especially prone to evolve sexual dimor-
phism. In order to address these questions, we conducted a
survey of eyespot sexual dimorphism across the Nymphal-
idae. We documented the presence or absence of eyespots
across the dorsal and ventral wing surfaces of both males
and females in 450 different nymphalid species belonging to
399 different genera. We used these presence/absence data to
quantify sexual dimorphism and evaluate how dimorphism
was distributed across the wing surfaces.

2. Materials and Methods

We scored eyespot wing patterns from a collection of digital
images previously taken from two male and two female
specimens from pinned collections housed at the Peabody
Museum, Yale University, the Museum or Comparative
Zoology, Harvard University, and the American Museum of
Natural History, NewYork [11].We scored the representatives
of 399 genera previously sampled for a molecular phylogeny
of the Nymphalidae and 51 additional species, for a total
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Figure 2: Summary statistics of total eyespot number dimorphism
amongst species carrying eyespots. 123 species had more orna-
mented females, 94 species had more ornamented males, and 60
species had no difference in total eyespot number between males
and females.

of 450 species. Eyespots were defined as circular pattern
elements on the wing margin with at least two concentric
rings of colored scales or with a single color disc and a central
pupil [12]. Eyespots were scored as present (1) or absent
(0) for each of the wing compartments depicted in Figure 1.
Polymorphisms within a sex were coded as 0.5.

We investigated two aspects of eyespot sexual dimor-
phism as follows.

(1) For a rough estimate of a species dimorphism, we
tallied the total number of eyespots on each wing
surface, and across all surfaces for each sex, and
calculated the difference in this number between
sexes.

(2) In order to determine if dimorphic eyespots were
uniformly distributed among the wing surfaces or
preferentially located on particular surfaces, female
eyespot values were subtracted from male eyespot
values for each wing compartment bearing eyespots
within a species, and these quantities were compared
across wing surfaces (Figure 1).

3. Results

Of the 450 species surveyed for this study, 278 (61.8%) had
at least one eyespot on their wings. From these, 60 species
(21.6%) had no difference in total eyespot number between
males and females (but they were often dimorphic in eyespot
position), 123 species (44.2%) had femaleswithmore eyespots
than males, and 95 species (34.2%) had males with more
eyespots than females (Figure 2). In addition, the degree of
eyespot dimorphismwas higher for the female-biased species
relative to the male-biased species. From the 123 species in
which the female was more ornamented, females averaged
2.32 more eyespots than males, with a median difference of 2
eyespots. On the other hand, in the 94 species that possessed
more ornamented males, males averaged 1.74 more eyespots
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Table 1: Pearson correlation coefficient (r) and significance (P) of
the correlation between eyespot frequency and eyespot dimorphism
for all or for specific wing surfaces.

Surface 𝑟 𝑃

Eyespots from all surfaces −0.73 <0.001∗∗∗

Dorsal forewing −0.34 0.312
Dorsal hindwing −0.92 0.001∗∗

Ventral forewing −0.89 <0.001∗∗∗

Ventral hindwing −0.96 <0.001∗∗∗
∗∗

𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

than females, with a median difference of 1 eyespot. In
summary, female nymphalid species have, on average, more
eyespots than males. Lastly, of the 279 species with orna-
mented individuals, 148 (53.0%) had polymorphic females
(with variation in eyespot number), while 174 (62.4%) had
polymorphic males. Further information on the descriptive
statistics of this dataset can be found in (Oliver et al., in
review).

Eyespots do not occur in equal numbers across all wing
surfaces. In both sexes, ventral surfaces, on average, have
more eyespots than do dorsal surfaces, and hindwings have
more eyespots than do forewings (Figure 3). The surfaces
with the highest number of eyespots also display the largest
proportion of sexual dimorphism: 66% of all eyespot dimor-
phism was found on the ventral surface—31% forewing and
35% hindwing, while only 34% was found on the dorsal
surface—12% forewing and 22%hindwing. Furthermore, 57%
of dimorphism was on the hindwing surfaces compared to
43% on the forewing surfaces.

Eyespots are distributed among the wing surfaces differ-
ently in males and females (Figures 4(a) and 4(b)). Ventral
surfaces contained 76% of the total number of eyespots found
onmales but only 69% of the eyespots were found on females.
Males had relatively more eyespots on their ventral hindwing
when compared with females—52% to 47%. Conversely,
females had relativelymore eyespots on their dorsal hindwing
when compared with males—22% to 15%. Males and females
had an equal relative occurrence of eyespots on the ventral
forewing surface—22% and 24%, respectively.

Considering only the subset of eyespots that are dimor-
phic, these eyespots, too, were distributed differently in
males and females (Figures 4(c) and 4(d)). Males had more
eyespots on their ventral surface relative to females—72% to
60%, respectively—while females had more eyespots on their
dorsal surface relative to males—40% to 28%. Both males
and females, however, had more eyespots on the hindwings
relative to forewings (55% for males and 58% for females).

In general, the wing compartments that most commonly
contained eyespots were proportionately the least sexually
dimorphic (Pearson correlation, 𝑟 = −0.73, 𝑃 < 0.001)
(Figure 5). All surfaces, except the dorsal forewing, showed
a significant negative correlation between eyespot frequency
and eyespot dimorphism (Table 1). Eyespots were commonly
found in four wing compartments on the ventral hindwing:
the Cu1 (239 species; 86.28% of species with at least one
eyespot), M1 (181 species; 65.34%), Rs (175 species; 63.18%),

and M3 (176.5 species; 63.72%), and the M1 compartment on
the ventral forewing (167 species; 60.29%). However, these
five most common eyespot locations were also the five least
dimorphic. The most common eyespot location, the Cu1
compartment on the ventral hindwing, was dimorphic in
only 13.81% of the species.The secondmost common eyespot
location, the M1 compartment of the ventral forewing, was
dimorphic in only 19.46% of the species, demonstrating
the tendency for common eyespot compartments to have a
relatively low dimorphic rate. In contrast, the 2A and R3
compartments on the ventral forewing were proportionately
the most sexually dimorphic (100% and 94.44%, resp.), but
only a small proportion of species carried eyespots at these
positions (0.36% and 3.25% of all eyespot-bearing species,
resp.).

4. Discussion

A majority of nymphalid species has females with more
eyespots than males, supporting data previously obtained for
the genus Bicyclus [10]. However, a significant proportion of
species display the opposite pattern, and many species are
monomorphic in total eyespot number. Ventral hindwings
have, on average, the greatest share of eyespots; yet this
wing surface has proportionately the least amount of sexual
dimorphism relative to the other three wing surfaces. Sexual
dimorphism is, thus, primarily found in wing surfaces that
can be hidden from predators when the butterfly sits with its
wings closed.

These results are congruent with the sexual dimorphism
displayed in B. anynana and with both mate choice and
predation experiments previously performed on this species.
These results also support the comparative work performed
across the genus Bicyclus. Both sexes of B. anynana are
polymorphic regarding the number of eyespots on the dorsal
hindwing but females have, on average, one additional eye-
spot relative to males (Westerman et al., pers. comm.). It is
currently unclear why females have additional eyespots on
this surface, but sexual selection via male choice is a possibil-
ity. Males alone notice the number of eyespots on the dorsal
hindwings of females in mate choice trials, whereas females
do not discriminate males based on this trait (Westerman et
al., pers. comm.). Bothmales and females, however, notice the
number of eyespots on the dorsal forewings of the opposite
sex [7, 8, 13]. A more limited set of experiments showed
that females do not pay attention to eyespots on the ventral
surfaces of males [8], but the reciprocal experiment with
males has yet to be done. A larger number of eyespots on
the dorsal hindwing of females may, thus, result from sexual
selection on females by males.

The ventral eyespots of butterflies are generally the
most visible to natural enemies as they are displayed when
butterflies rest with their wings folded over their bodies. In
some circumstances (either using näıve predators or under
low light conditions), the attacks tend to target the area of
the eyespots, in particular the hindwings [14], allowing the
butterfly to escape with parts of the wing missing. These
experiments suggest that sexual dimorphism on these wing
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Figure 3: Mean number of eyespots by wing surface for males and females for all eyespot-bearing species. Females averaged slightly more
eyespots than males for all wing surfaces. Dorsal surfaces had fewer eyespots than ventral surfaces and forewings fewer eyespots than
hindwings. Error bars represent one standard deviation.
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Figure 5: Wing compartments commonly displaying eyespots are
proportionally the least dimorphic. Compartment name labels are
adjacent to each point. Best fit line from Pierson correlation for all
eyespots is depicted in blue.

surfaces may be maladaptive because both sexes benefit
equally from the predator evading mechanism provided by
these eyespots. These experiments lend support to the results
of the survey that show that ventral surfaces, and especially
ventral hindwing surfaces, are proportionately the least sex-
ually dimorphic. While large dorsal forewing eyespots also
function as an intimidating defense in some species [15–20],
this strategy may be restricted to fewer lineages.

Comparative work performed across the genus Bicyclus
also supports the results of this survey; namely, hindwing and
ventral eyespots are proportionately less sexually dimorphic
than forewing or dorsal eyespots. Estimates of rates of eyespot
gains and losses calculated separately for males and females
indicated that eyespots on the dorsal surface evolve at higher
rates and at sex-specific rates, relative to eyespots on the
ventral surface [9].This increased lability of the dorsal surface
is associated with a higher frequency of dimorphic eyespots
on this surface. Eyespots on Bicyclus forewings were also
more labile and also had higher sex-specific rates of evolution
relative to hindwing eyespots [9]. So, research on Bicyclus
may explain many of the prevalent patterns in the general
nymphalid dataset.

This survey showed that the most common eyespot
locations were proportionately the least dimorphic. These
results are interesting when contrasted against two recent
studies that inferred the wing surface where eyespot first
originated within nymphalids. Four of the fivemost common
eyespots were estimated to be the original eyespots that
appeared on the ventral hindwing of an ancestral nymphalid
roughly 90 million years ago [11] (Oliver et al. in review).The
fact that these eyespots are themost prevalent in species today
may simply be due to their retention in a majority of lineages
since their origin. The more recent dorsal eyespots seem to

have originated 30 million years later (Oliver et al. in review).
Despite their late origins, these dorsal eyespots have evolved
some of the highest levels of sexual dimorphism seen across
nymphalid eyespots.

Sexual differences in behavior, including basking propen-
sity, mate searching, egg laying, courtship behavior, and
associated observational angles towards the wings of the
opposite sex, may all contribute to the variation in sexual
dimorphisms in eyespots across wing surfaces. For example,
Bicyclus species do not bask, so their dorsal wing patterns
may not be as visible to predators and be subject to as
much natural selection as the dorsal wing pattern of species
that bask or those where one sex basks more than the
other. In addition, when courting, Bicyclusmales and females
(females also court males in this species) both approach the
opposite sex at an angle that makes their dorsal wing surfaces
especially visible. Behavioral data such as this can help
determine the relative importance of certain wing surfaces in
mate signaling. In addition, sex-specific patterns of natural
selection and further behavioral information for multiple
nymphalid species are needed if we want to understand the
full extent of the patterns of sexual dimorphism in this clade
of butterflies.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank the Peabody Museum of Natural History,
Yale University, for a summer internship to Christopher K.
Tokita and NSF IOS 0818731 for supporting Jeffrey C. Oliver
and Antónia Monteiro.

References

[1] C. E. Allen, B. J. Zwaan, and P. M. Brakefield, “Evolution
of sexual dimorphism in the Lepidoptera,” Annual Review of
Entomology, vol. 56, pp. 445–464, 2011.

[2] D. J. Fairbairn, Odd Couples: Extraordinary Differences between
the Sexes in the Animal Kingdom, Princeton University Press,
Princeton, NJ, USA, 2013.

[3] M. J. Kottler, “Darwin, Wallace, and the origin of sexual
dimorphism,” Proceedings of the American Philosophical Society,
vol. 124, no. 3, pp. 203–226, 1980.

[4] J. J. Wiens, “Widespread loss of sexually selected traits: how the
peacock lost its spots,” Trends in Ecology and Evolution, vol. 16,
no. 9, pp. 517–523, 2001.

[5] P. M. Brakefield and W. A. Frankino, “Polyphenisms in Lepi-
doptera: multidisciplinary approaches to studies of evolution
and development,” in Phenotypic Plasticity in Insects Mecha-
nisms and Consequences, D. W.Whitman and T. N. Ananthakr-
ishnan, Eds., pp. 281–312, Science, Plymouth, UK, 2009.

[6] A. Lyytinen, P. M. Brakefieid, and J. Mappes, “Significance of
butterfly eyespots as an anti-predator device in ground-based
and aerial attacks,” Oikos, vol. 100, no. 2, pp. 373–379, 2003.



6 International Journal of Evolutionary Biology

[7] K. L. Prudic, C. Jeon, H. Cao, and A.Monteiro, “Developmental
plasticity in sexual roles of butterfly species drivesmutual sexual
ornamentation,” Science, vol. 331, no. 6013, pp. 73–75, 2011.

[8] K. A. Robertson and A. Monteiro, “Female Bicyclus anynana
butterflies choose males on the basis of their dorsal UV-
reflective eyespot pupils,” Proceedings of the Royal Society B, vol.
272, no. 1572, pp. 1541–1546, 2005.

[9] J. C.Oliver, K.A. Robertson, andA.Monteiro, “Accommodating
natural and sexual selection in butterflywing pattern evolution,”
Proceedings of the Royal Society B, vol. 276, no. 1666, pp. 2369–
2375, 2009.

[10] J. C. Oliver and A. Monteiro, “On the origins of sexual dimor-
phism in butterflies,” Proceedings of the Royal Society B, vol. 278,
no. 1714, pp. 1981–1988, 2011.

[11] J. C. Oliver, X. Tong, L. F. Gall, W. H. Piel, and A. Monteiro,
“A single origin for nymphalid butterfly eyespots followed by
widespread loss of associated gene expression,” PLoS Genetics,
vol. 8, no. 8, Article ID e1002893, 2012.

[12] A. Monteiro, “Alternative models for the evolution of eyespots
and of serial homology on Lepidopteran wings,” BioEssays, vol.
30, no. 4, pp. 358–366, 2008.

[13] E. Westerman, A. Hodgins-Davis, A. Dinwiddie, and A. Mon-
teiro, “Biased learning affects mate choice in a butterfly,”
Proceedings of the National Academy of Sciences of the USA, vol.
109, no. 27, pp. 10948–10953, 2012.

[14] M.Olofsson,A.Vallin, S. Jakobsson, andC.Wiklund, “Marginal
eyespots on butterfly wings deflect bird attacks under low light
intensities with UV wavelengths,” PLoS ONE, vol. 5, no. 5,
Article ID e10798, 2010.

[15] U. Kodandaramaiah, “The evolutionary significance of butterfly
eyespots,” Behavioral Ecology, vol. 22, no. 6, pp. 1264–1271, 2011.

[16] S. Merilaita, A. Vallin, U. Kodandaramaiah, M. Dimitrova, S.
Ruuskanen, and T. Laaksonen, “Number of eyespots and their
intimidating effect on naı̈ve predators in the peacock butterfly,”
Behavioral Ecology, vol. 22, no. 6, pp. 1326–1331, 2011.

[17] M. Stevens, “The role of eyespots as anti-predator mecha-
nisms, principally demonstrated in the Lepidoptera,” Biological
Reviews of the Cambridge Philosophical Society, vol. 80, no. 4,
pp. 573–588, 2005.

[18] M. Stevens, C. J. Hardman, and C. L. Stubbins, “Conspicuous-
ness, not eye mimicry, makes “eyespots” effective antipredator
signals,” Behavioral Ecology, vol. 19, no. 3, pp. 525–531, 2008.

[19] A. Vallin, S. Jakobsson, J. Lind, and C. Wiklund, “Prey survival
by predator intimidation: an experimental study of peacock
butterfly defence against blue tits,” Proceedings of the Royal
Society B, vol. 272, no. 1569, pp. 1203–1207, 2005.

[20] A. Vallin, S. Jakobsson, and C. Wiklund, ““An eye for an eye?”
On the generality of the intimidating quality of eyespots in a
butterfly and a hawkmoth,”Behavioral Ecology and Sociobiology,
vol. 61, no. 9, pp. 1419–1424, 2007.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


