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Natural and sexual selection and functional
roles influence colouration but not the
amount of variation in butterfly wing colour
patterns
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Abstract

Background Trait variation is shaped by functional roles of traits and the strength and direction of selection acting
on the traits. We hypothesized that in butterflies, sexually selected colouration is more variable owing to condition-
dependent nature and directional selection on sexual ornaments, whereas naturally selected colouration may be
less variable because of stabilising selection. We measured reflectance spectra, and extracted colour parameters, to
compare the amount of variation in sexually versus naturally selected colour patches across wing surfaces and sexes
of 20 butterfly species across 4 families (Nymphalidae, Papilionidae, Pieridae, Lycaenidae).

Results We found that: (a) males had more conspicuous, i.e., brighter and more saturated colour patches compared
with females (as expected of sexually selected traits but not necessarily of naturally selected traits), and (b) dorsal
surfaces in both sexes had more conspicuous sexual ornaments as well as protective (aposematic/mimetic) colour
patches on darker wing backgrounds, compared with ventral surfaces. However, colour patches did not differ in the

amount of variation in butterfly wing colour patterns.

amount of variation either in selection (ecological/sexual functions), sex or wing surface-specific manner.
Conclusions These findings show that functional roles and selection influence colour parameters but not the
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Background

Phenotypic variation and the underlying genetic varia-
tion are the primary raw material for selection to act
on, resulting in adaptation, diversification and specia-
tion. Consequently, understanding how natural and
sexual selection shape variation at both genetic [1] and

*Correspondence:

Krushnamegh Kunte

krushnamegh@ncbs.res.in

'National Centre for Biological Sciences, Tata Institute of Fundamental
Research, GKVK Campus, Bellary Road, Bengaluru 560065, India

K BMC

phenotypic [2, 3] levels is of broad interest to evolution-
ary biologists. Studies on mean phenotypic variation
within and across populations have provided information
on the identity and strength of various selective pressures
affecting mean trait variation [4]. For example, oscil-
lations in cycles of drought and rainfall that altered the
available food resources resulted in temporal alterations
in trait optima for body size and measures of beak mor-
phology in a species of Darwin’s finch, Geospiza fortis [5].
Similarly, changes in trait optima of sexual signals have
been attributed to changing mate preference [6] or sig-
nal exploitation by predators and parasites [7, 8]. While
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these examples highlight how means of traits are sub-
ject to change, or how traits may be lost and gained, the
strength and direction of selection can affect the variabil-
ity of traits to different extents, and variability can in turn
influence future adaptation.

Selection acting on a trait affects the amount of varia-
tion such that: (a) stabilising selection maintains the
mean trait value but reduces variation in a population
by disfavouring individuals at the tails of the distribution
(Fig. 1a) [9, 10] and (b) directional selection displaces
the trait optimum towards one side of the distribution,
potentially leading to an initial increase in variation dur-
ing the population’s shift towards the new optimum [9,
10]. Traits under directional selection may eventually
experience reduction in variation when the new opti-
mum is reached, albeit to a lesser extent than long-term
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stabilising selection [9] (Fig. 1b). Moreover, trait values
and variation may remain dynamic and not achieve a
new, stable optimum distribution if directional selection
is persistent, e.g., for sexual ornaments under runaway-
type sexual selection [11, 12]. How the variability of the
trait increases or decreases during the lifespan of these
selective processes, and whether the sexes are affected
differentially, are poorly understood. The strength of nat-
ural (or viability) selection and sexual selection also affect
the evolutionary trajectories of traits where sexual selec-
tion may be stronger than natural selection and can push
trait optima further along the naturally selected limit,
especially in males [9, 13, 14]. Sexual signals can evolve
to exaggerated levels through the correlated evolution of
female preference for attractive male traits (sexy-sons) or
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Fig. 1 A graphic summary of hypotheses regarding how functional roles and selection pressures may influence trait variation. Thin arrows represent di-
rection of selection and thick arrows represent direction of evolution for each column. Flat-headed lines indicate the relative spread of trait variation. The
orange line in (a) represents trait optimum. The blue-shaded area in (b) represents the direction in which selection shifts the trait distribution. Stabilising
selection on naturally or sexually selected traits (a) acting on one or both sexes may decrease trait variation while directional selection on naturally or
sexually selected traits (b) may increase trait variation. In the panels for sexually selected traits, the effect of selection on trait variation has been shown
separately to highlight how variation between the sexes may respond differentially. Additionally, natural selection can also affect sexes differently, po-
tentially resulting in distinct patterns of variation between males and females, similar to what is shown for sexually selected traits. However, even in such
cases, the variation in naturally selected traits is generally expected to be less pronounced than in sexually selected traits or traits not under selection
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when the signals provide information on the quality of
the signaller (good genes) [15].

Sexually selected traits are often condition dependent
with greater genetic variance [16]. Empirical studies
highlighting cases of condition dependence and variable
nature of sexual traits [17] include sexual size dimor-
phism in a neriid fly [18] and eye span in male stalk-eyed
flies [19, 20]. In contrast, naturally selected traits, such
as colours and colour patterns used in Batesian mimicry,
may be more [21, 22] or less [23] variable depending on
the abundance and distribution of the Batesian models
[21-23]. However, at ecological timescales, these natu-
rally selected traits should be under variation-reducing
stabilising selection since closer mimetic resemblance
usually confers greater fitness advantage [24, 25]. There-
fore, how different functions and selective pressures
affect phenotypic variation remains an area of significant
interest.

Animal colour signals are storehouses of variation
upon which diverse selection pressures can act, affecting
phenotypic variation, diversification, and speciation [26].
Understanding the nature and variability of sexually and
naturally selected colour patterns is key. Examining con-
dition-dependent variation of sexual colouration versus
non-sexual colouration has received considerable atten-
tion in diverse taxa such as birds [27-30], fishes [31], and
jumping spiders [32].

The importance of wing colouration in visual signalling
is exemplified in butterflies. Butterfly wing colours per-
form a number of signalling functions ranging from pred-
ator avoidance [33-37] to mate-signalling [38—41]. Wing
colouration also responds to physiological processes such
as thermoregulation [42, 43]. Thus, butterfly wing colours
are diverse and subject to both natural selection to facili-
tate predator avoidance and thermoregulation, and sex-
ual selection, to facilitate mate-choice through courtship
where different colour patches may be under stabilising
or directional selection.

Variation in butterfly colour patterns is subject to the
nature of colour production. Butterfly wing colouration
may be pigmentary or structural [44]. Structural colou-
ration, often used in sexual ornaments, is expected to be
more visually variable than pigment based colouration
because it tends to be condition dependent (e.g., on the
angle of light in iridescent colour patches) and it may sig-
nal higher male quality [45], resulting in more matings
[46, 47]. Sexually selected pigmentary colouration can
also differ between males and females in amount of pig-
ments deposited on the scales [48, 49]. But, unlike struc-
tural colours, the appearance of pigment patches is not
affected by the angle of light and viewing.

However, predominantly naturally selected coloura-
tion can also be variable. Factors such as resource limita-
tion and environmental stress during larval stages affects
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some pigmentary warning colouration in aposematic
species [50] as well as melanic thermoregulatory colou-
ration in adult butterflies [51]. Colour patterns may thus
vary across sex and wing surfaces in relation to these
ecological, developmental and sexual functions and sex-
specific selection pressures. Indeed, female colouration
is more variable than male colouration [52], in its natu-
rally selected roles such as melanic thermoregulation
and Batesian mimicry [42, 53], where females are often
polymorphic, or with respect to life-history strategies
such as dispersal and migration [54, 55]. Therefore, these
sex-specific and patch-function-dependent contrasts in
variability make butterflies an excellent model system
to study how different selective regimes shape colour
pattern variation in relation to functional roles of those
colour patches.

A major gap in this area is that most previous stud-
ies have addressed the question of whether traits such
as wing colour patterns respond to different selective
regimes, and whether males and females respond differ-
entially to selective regimes. Most individual studies have
also usually focused on patterns of colour variation in
single species, and not as a broader generalization. More-
over, whether variation in colour patterns itself responds
in relation to sex, wing surface and ecological/sexual
roles of the colour patches, has rarely been investigated.
It has been phylogenetically demonstrated, in Bicyclus
butterflies, how evolutionary rates of wing patterns dif-
fer in sex- and surface-specific manners to accommodate
contrasting selective pressures resulting in the observed
variation [56]. However, addressing this gap from a proxi-
mate viewpoint is important as well because the amount
of variation observed in a species may reflect the evolu-
tionary history of sex and surface-specific responses to
selection. More importantly, sex-specific and population-
level ability to respond to future selection pressures is
determined by available variation. This aspect is critical
in light of the rapidly changing environment and habitat
alternations in globally human-dominated landscapes in
which most populations have to now adapt to survive.
In order to begin to address this gap in understanding
colour variation, we quantified spectral properties of
colour patches using a spectrophotometer and asked: (a)
whether butterfly wing colour patterns vary in a sex and
wing surface-specific (dorsal vs. ventral) manner in a set
of species that displayed a variety of colour patterns pro-
duced in a structural versus pigmentary manner, and that
were subjected to natural versus sexual selection, and (b)
whether the colour patches showed consistent patterns
regarding the amount of variation in response to sex,
wing surface and type of selection pressures. Based on
the above background, we specifically tested the follow-
ing hypotheses regarding the nature of differences and
the extent of variation: (a) male wing colour patches are
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more conspicuous (i.e., with spectrally brighter or more
saturated colours) than female wing colour patches, (b)
dorsal wing colour patches are more conspicuous than
ventral wing colour patches (dorsal surfaces are usu-
ally displayed during active courtship, which is usually
by the males, while ventral surfaces tend to be used in
anti-predator strategies [40, 57-59]), (c) colour patches
of females show greater degree of variation than that
of colour patches of males, (d) sexually selected colour
patches show greater variation than naturally selected
colour patches, (e) structural colour patches show greater
variation than pigmentary colour patches.

Materials and methods

Butterfly specimens and colour patch functions

We measured wing colours of butterfly specimens
deposited in the Biodiversity Lab Research Collections
at NCBS (http://biodiversitycollections.in). We selected
species that had 3-10 specimens of each sex of four but-
terfly families (Nymphalidae, Papilionidae, Pieridae,
Lycaenidae) displaying aposematic, mimetic, cryptic,
UV-reflective, iridescent, or fluorescent patches (Table
S1 for species used and Table S2 for reflectance spectra).
These samples sizes, though small, have been shown to
be useful in documenting within and between species
colour differences accurately [60]. We classified these
colours based on studies which have directly investigated
functional roles of colour patterns such as in aposematic,
mimetic and thermoregulatory species, and certain
sexual ornaments. For cases lacking direct evidence, we
inferred functions from studies on other species with
similar phenotypes, such as those exhibiting sexual or
iridescent coloration (Table S1 and Fig. S2 provides fur-
ther details with references).As the entire pattern would
contribute to the signalling functions, we grouped all
wing colour patches under the regime of natural selection
if they were part of aposematic or mimetic signals, or if
they aided in camouflage or thermoregulation [42, 53, 59,
61-65]. Whereas we classified only UV-reflective, irides-
cent, and fluorescent colour patches as sexually selected
colours or sexual signalling colours based on existing
knowledge about the sexual role of such colour patches
[39, 40, 64, 66—71]. Although colour patterns may some-
times be used for multiple functions across selective
regimes [72, 73], we proceeded under the assumption
that some functions were more widespread, relevant, or
supported by previous studies than the others. For exam-
ple, we considered wing patterns of aposematic butter-
flies to be primarily predator-driven (naturally selected)
though aposematic signals might function as sexual sig-
nals as well, which might sometimes evolve secondarily
[74]. Due to this method of classification, most species
had colour patches of only one well-supported function.
Multiple functions were not considered unless there were
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surface or sex-specific dimorphisms for example, Hypo-
limnas bolina where females are mimetic [53, 59, 61],
and males are nonmimetic with a bright iridescent white
sexual ornament [40] (detailed in Table S1). This is a con-
servative functional classification but ensured relevant
functions were included. This also resulted in several
patches, especially in sexually selected species, to be con-
sidered as non-specific as we did not have direct or indi-
rect evidence to define functions for these other patches.

Reflectance spectra measurements

We measured reflectance spectra from all visually dis-
tinct wing patches of both sexes across both wing sur-
faces using Ocean Optics® Jaz spectrometer with a pulsed
Xenon lamp (PX-1 lamp) as the light source. We used
two optic fibres, fitted with collimating lenses, to illu-
minate the wing and collect reflectance. We placed the
illuminating probe at 90° and the collecting fibre at 45° to
the wing surface. The beam of incident light had a diam-
eter of ~2 mm. We took measurements with respect to
a Spectralon® reflectance standard which reflects>96%
of incident light. We excluded ambient light by enclos-
ing the set up in a cardboard box covered by black felt
cloth. We took 2—4 measurements per patch depending
on its extent on the wing. We averaged these measure-
ments and used the averaged spectra from 300 to 700 nm
to extract colour parameters. We plotted spectra across
males and females and dorsoventral wing axis (Supple-
mentary Fig. S1) and obtained the spectral colour param-
eters using the R package ‘pavo’ [75].

Spectral parameters

We extracted parameters for hue, saturation, and bright-
ness for all colour patches on both wing surfaces and
sexes. As most of the spectra do not have a wavelength
of peak reflectance, we used the wavelength at the mid-
point of the reflectance spectrum as a measure for hue
(H3). We used an overall estimate of chroma to account
for saturation of all the colours measured as the differ-
ence between maximum and minimum reflectance with
respect to the average brightness of the spectrum (S8).
We calculated brightness as total reflectance across the
whole spectrum (B1). We also extracted segment specific
chroma for yellow, red-orange, and blue colour patches
(S1) and compared wavelength of peak reflectance (H1)
for blues. These notations used are as per [75].

Statistical analyses

We carried out all tests in R [76]. We tested for normality
using Shapiro-Wilk tests. We first tested for differences
in brightness, hue, and saturation across sex and sur-
face (dorsal and ventral) within each species separately
for each colour using generalized linear models (GLMs)
and the ‘gaussian’ family and ‘identity’ link function. We
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used T-tests and Wilcoxon rank-sum tests for two-sam-
ple comparisons between males and females. Following
the GLMs, we used the ‘emmeans’ package [77] to obtain
contrasts for pairwise differences between the combina-
tions of sex and surface. Next, to determine variability of
colour patches, we calculated the coefficients of variation
(CV) for the selected colour parameters: B1, H3, and S8,
separately across sex and surface, a higher value indi-
cating greater variation in a dataset. We paired the CVs
across sex and surface to identify the instances where
males had higher values and used one-tailed binomial
tests to check if the cases where males had higher values
than females were significantly higher across the dorso-
ventral axis within given selective regimes and within a
specific colour. In addition, we also checked for normal-
ity of the CVs in a sex and surface-specific manner using
the Shapiro-Wilk test and used two-tailed Wilcoxon
signed-rank exact test on this paired data to verify dif-
ferences in coefficients of variation. We used Wilcoxon
rank-sum exact tests for dorsoventral comparisons of
CVs within a selective regime and colour. Further, to test
if CVs varied by selective regimes regardless of sex or
surface, we compared them across ecologically relevant
function of colour patches using a Kruskal-Wallis test.
We used the ‘rstatix’ package [78] to calculate effect sizes
for each of the CV comparisons; ‘r’ for two-sample tests
and Eta squared (n?) for Kruskal-Wallis tests. We also
kept colours that did not have a clear association to any
specific function to compare variation across these non-
specific and functional colour patches.

Results

When sexual differences existed, males had brighter and
more saturated colour patches than females

We compared male-female differences in the colour
parameters separately for black, brown, white, red-
orange, yellow, and blue colour patches, as follows: (a)
Variation in brightness: Values of colour parameters did
not vary significantly between the sexes in most compari-
sons (70% of the comparisons). In patches that differed
significantly between the sexes (30% of the compari-
sons), males had darker black and brown wing colour
backgrounds than females. However, males had brighter
white, red-orange, yellow and blue colour patches that
presumably performed functional roles as described in
Table S1. (b) Variation in hue: Similarly, only a small pro-
portion of species showed sexual differences in hue (25%
of the patches compared), where males had higher values
for hue in brown and white patches while values for hue
were higher in females for black and yellow patches. (c)
Variation in saturation: Likewise, only a small proportion
of species showed sexual differences in saturation (29% of
the patches compared), where males had more saturated
brown, white, red-orange, and blue patches while black
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and yellow colour patches showed the opposite pattern of
being more saturated in females (Figs. 2 and S2a—f, Sup-
plementary Tables S3—S4). Comparisons for wing-surface
are provided in the next section.

Dorsal wing surfaces were more saturated with brighter
white and yellow patches than ventral wing surfaces

Using the same colour classification (but excluding blue
as there were no sufficiently large blue patches on ventral
wing surfaces in the species measured), colour patches
differed across the two wing surfaces within each species
as follows: (a) Variation in brightness: 49% of the patches
differed in brightness between dorsal and ventral sur-
faces. Within these differences, dorsal surfaces had darker
black and brown colour patches, and brighter white and
yellow patches than ventral surfaces which had brighter
red-orange patches. (b) Variation in hue: Approximately
35% of the patches varied in hue. Red-orange and brown
had higher values of hue on the dorsal surface whereas
yellow and black had higher values on the ventral surface,
with white having equal proportions of higher dorsal and
ventral values. (c) Variation in saturation: Saturation dif-
fered in approximately 42% of the patches along the dor-
soventral axis. All the colours were more saturated on the
dorsal surface except for yellow (for all results in this sub-
section, see Figs. 2 and S2a—e, and Tables S3-S4).

Functional roles, sexes and wing surfaces did not affect the
amount of trait variation

Variation in relation to the sexes

We compared coefficients of variation for brightness
(B1), hue (H3), and saturation (S8) between males and
females for all naturally and sexually selected colour
patches. Male wing colour patches were not more vari-
able than female wing colour patches across surface or
selective regime for any of the colour parameters (One-
tailed Binomial test: B1: all naturally selected patches:
44 of 87, p=0.5, naturally selected dorsal patches: 19 of
37, p=0.5, naturally selected ventral patches: 25 of 50,
p=0.56, sexually selected patches: 11 of 18, p=0.24. H3:
all naturally selected patches: 48 of 87, p=0.19, dorsal
naturally selected patches: 21 of 37, p =0.26, ventral natu-
rally selected patches: 27 of 50, p =0.36, sexually selected
patches: 9 of 18, p=0.59. S8: all naturally selected
patches: 42 of 87, p=0.67, dorsal naturally selected
patches: 19 of 37, p=0.5, ventral naturally selected
patches: 23 of 50, p=0.76, sexually selected patches: 7 of
18, p =0.24. Figure 3a—c).

We further compared the distributions of the coeffi-
cients of variation between males and females and con-
firmed that variation of colour patches did not differ
between the sexes (Wilcoxon signed-rank test: B1: natu-
rally selected dorsal patches: V=385, p=0.62, r=0.08,
naturally selected ventral patches: V=743, p=0.31,
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r=0.14, sexually selected patches: V=120, p=0.14,
r=0.35, H3: naturally selected dorsal patterns: V=462,
p=0.09, r=0.27, naturally selected ventral patches:
V=760, p=0.24, r=0.16, sexually selected patches:
V=114, p=0.29, r=0.29, S8: naturally selected dorsal
patches: V=319, p=0.63, r=0.08, naturally selected ven-
tral patches: V=555, p=0.43, r=0.11, sexually selected
patches: V=71, p=0.55, r=0.15).

To test whether brightness, hue, and saturation vary
between males and females when specific functional roles
of colour patches are considered, we further separated
the naturally selected colours into: (a) aposematic, (b)
mimetic, (c) cryptic, and (d) thermoregulatory colours
(based on table S1). We also compared coefficients of
variation for non-specific colour patches. These compari-
sons showed that there were no significant differences in
the amount of variation in colour patches between males
and females for any of the three colour parameters across
the different functional classifications of colour patches
and effect sizes were predominantly small (Table S5).

We also tested for colour-specific differences in the
amount of variation by comparing coefficients of varia-
tion between males and females along the dorsoven-
tral axis for black, brown, white, yellow, and red-orange
colours. We specifically tested whether these colour
patches were more variable in males than in females.
We found that coefficients of variation were significantly
higher in males only in one case concerning the hue for
black on the dorsal surface. There were no significant dif-
ferences between males and females in any other com-
parisons with predominantly small effect sizes (Table
S6). Thus, males and females do not differ with respect
to the amount of variation in spectral parameters of wing
colour patches regardless of functional roles, wing sur-
faces, or colour identity.

Variation in relation to wing surfaces

We compared coefficients of variation between the dorsal
and ventral surfaces within each sex for colour patches
that were used in aposematism, mimicry, thermoregu-
lation, and for colour patches that did not have specific
known functions. There were no differences in variation
between the dorsal and ventral surfaces in either sex for
any functional class across the spectral parameters. We
then separated the data by colour as done above and
compared variability between the two wing surfaces
within each colour. We did not find significant differ-
ences in coefficients of variation between dorsal and
ventral surfaces for any colour and effect sizes were pre-
dominantly small (Table S7).

Variation in relation to functional roles
To test whether the spectral parameters of colour patches
shaped by sexual selection have greater variability than
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colour patches shaped by natural selection, we compared
coefficients of variation of colour patches with different
functions independent of sex and surface. We also kept
non-specific colours in this comparison to study if vari-
ability is randomly distributed. We found that variation
did not differ between the three groups for brightness,
hue, or saturation (Kruskal-Wallis tests: B1: X?=3.525,
df=2, p=0.17, effect size (n%)=0.005, H3: X*=1.02,
df=2, p=0.6, effect size (n?) = -0.0030, S8: X*=1.06,
df=2, p=0.59, effect size (n%) =-0.0028). We also com-
pared the coefficients of variation across finer classifica-
tion into ecological functions of aposematism, mimicry,
thermoregulation, camouflage, and sexual signalling to
identify differences in the amount of variation, if any.
We expected some functional categories such as cam-
ouflage and sexual signals to be more variable. How-
ever, there were no significant differences in the amount
of variation between functional roles (Kruskal-Wallis
tests: B1: X?=9.23, df=5, p=0.1, effect size (n%)=0.013
H3: X?=2.69, df=5, p=0.75, effect size (n?) =-0.007, S8:
X2=7.26, df =5, p=0.2, effect size (n?) =0.007) (Fig. 4a—c).

Discussion

Understanding the nature of variation provides insights
into long-term dynamical equilibrium under which ani-
mal colour signals evolve [79]. By measuring reflectance
spectra of wing colours across twenty butterfly species
displaying diverse functions and amount of variation, we
broaden the study of butterfly wing colour variation. We
found that in the sample of species we measured, flashy/
more conspicuous colour pattern elements such as irides-
cent colours, or reds and yellow were brighter and more
saturated in males, and dull black/brown colouration was
brighter in females and darker in males. This is sugges-
tive of sexual selection on males for brighter pattern ele-
ments and more saturated colour patches on darker wing
backgrounds, which may produce more conspicuous
sexual signals when the sexes differ, depending on visual
sensitivities of their conspecifics. However, it is striking
that sexual differences did not exist in the majority of
comparisons (usually more than 70% of the comparisons)
(Fig. 2a). This general pattern indicated that in most spe-
cies and colour patches measured, both the sexes showed
comparable trait values for both naturally and sexually
selected colour traits. Directional selection acting on
traits is known to cause a shift in trait optima especially
under the regime of sexual selection where mate choice
might cause shifts towards brighter or more saturated
colour signals [40, 72, 80]. Furthermore, in cases where
there may not be a clear trend, differences between
males and females across these colours may be explained
by examining specific functions of the patches in spe-
cific contexts. However, how within-colour variability is
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affected while populations are shifting under these selec-
tive processes is not clear.

Contrary to our expectations, the comparison of varia-
tion between the sexes using coefficients of variation
revealed that males and females do not, in most cases,
differ in the amount of variation contained in the colour

patches, regardless of colour identity, function, or wing
surface (Supplementary Tables S5, S6). Previous works
have suggested that: (a) females, especially of Lepidop-
tera, are more variable in colour and wing pattern poly-
morphisms such as those seen in Batesian mimicry,
than males [52, 81-85], and (b) the degree of variation
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in female colour phenotypes as well as life history traits
(e.g., ovarian dynamics associated with migration/disper-
sal, and thermal melanism) responds much more readily
in a context-dependent manner to differential selection
pressures, than that seen in males [42, 53-55, 86, 87].
Our exploratory study reveals that even in the presence
of mean differences in spectral parameters of different
colour patches of males and females, variability is not dif-
ferent between functionally different patches between the
sexes. This is perhaps due to the strength of stabilising or
directional selection in reducing spectral trait variation
for the specific colour patches and species that we stud-
ied (Fig. 1, Table S1). Although our study uses a limited
number of individuals, species, and wing patches which
can restrict the conclusions drawn herein, it is informa-
tive and provides a basis to address fundamental evolu-
tionary questions on trait variation in butterflies. These
patterns need to be studied further with a larger dataset
of individuals and species.

We also compared colours across the dorsoventral axis
within each sex to characterise differences in trait values
and trait variation. Dorsoventral comparisons showed a
relatively higher number of differences than male-female
comparisons. Nonetheless, surface-specific differences
were also found only in a subset of comparisons. Where
differences existed, we found that dorsal surfaces were
brighter only for white and yellow colour patches. How-
ever, colour patches on the dorsal surface were more
saturated than those on the ventral surface (Fig. 2b). But-
terfly wing surfaces are also under differential selective
pressures, with the dorsal surface more commonly used
during courtship and the ventral surface for protective
colouration [56, 88] though this is not always the case
[89]. Therefore, potentially, differential selective pressures
shape colour patches differently along the dorsoventral
axis. However, we did not find evidence for higher vari-
ability of one surface compared to the other (Table S7).
Finally, we also showed that despite colour patches hav-
ing different functions, variation did not differ between
aposematic, mimetic, thermoregulatory, cryptic, or sexu-
ally selected colour patches (Fig. 4). This contrasts with
studies across bird species, where condition-dependent
conspicuous [29] and sexual plumage were found to be
more variable than non-sexual plumage [30]. While our
classification of patch functions is grounded in existing
literature, the lack of observed differences may also be
attributed to insufficient comprehensive empirical stud-
ies on the precise roles of various colour patches in many
butterfly species, especially when compared to the more
extensive research conducted on birds.

Although our analysis with this subset of species did
not support differences in variability across the com-
parisons we made, our results suggest that while trait
differences exist, trait variation might be constrained to
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the same range in all colours across function; potentially
highlighting that similar strength of selection shapes vari-
ation even if the mode of selection differs. Studies with
more species and individuals can bolster these patterns
highlighted here. Further, on estimating the effect sizes
for the comparisons of coefficients of variation pooled
across species (Tables S5-7), we found that most effect
sizes were predominantly small, with a few that were
moderate. With small effects, to achieve high enough
power in any analysis, we further reiterate the need for
larger samples sizes of individuals measured along with
measuring more species [90]. Although, a recent study in
moths with 20-30 individuals across 82 species digitally
sampled [91] also reported similar small effect sizes and
lack of significant differences for variation of colour met-
rics in relation to two antipredator strategies, along with
other hypotheses tested. Therefore, our study still proves
valuable by considering actual spectral variation across
multiple functional roles of wing colour patches across 20
butterfly species. In cases where there were species-spe-
cific differences, specific functional tests and behavioural
experiments might be required to determine significant
effects of variability in colour patches. Further, future
work needs to focus on testing whether this lack of differ-
ences in spectral variation is also functionally correlated
within species when colours are viewed by conspecifics
and heterospecifics through behavioural experiments or
visual modelling. These subtle differences in colour can
result in compartmentalizing colouration for functions
such as predator avoidance or mate choice [92] which
can, in turn, affect variation differently across species,
sex, and wing surface. Additionally, chromatic and ach-
romatic differences based on colour variation can also
be channelled separately to accommodate both naturally
and sexually selected functions of patches [93, 94]. Taken
together, our work provides a basis for future studies to
explore not only patterns in trait variation but also to
empirically test functions of different signalling elements
present on butterfly wings.

Adaptation of a population to novel or changing envi-
ronments is often affected by the amount of variation
contained among individuals of that population. Similar
to standing genetic variation, standing phenotypic varia-
tion in populations should also facilitate faster evolution
in the face of changing selective pressures [95]. However,
we showed, in these species, that some wing colour pat-
terns differed between the sexes indicating a differential
response to sex-specific selection. But the lack of differ-
ences in the amount of variation between the sexes may
act to reduce the rate at which sexes respond to chang-
ing climates. Interestingly, females do still tend to show
more diversity in wing patterns than males [52, 81, 87]
contributing to the idea that evolutionary trajectories of
adaption between the sexes differ. Whether this is due to
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strong sexual selection on male colouration by females
which constrains male adaptation even in changing envi-
ronments and allows for what may appear to be faster
rates of trait evolution in females is to be explored. How-
ever, changes in optima of female colouration may result
in corresponding changes in optima of male colouration
and vice-versa due to genetic correlations between the
sexes. Thus, future studies can explore whether differ-
ences in mean values of colour patterns in response to
differential selection pressures and the lack of differences
in the amount of variation between the sexes constrain
sex-specific adaptive responses to rapidly changing cli-
mate and human-dominated landscapes.

Conclusions

This study describes spectral differences and variability
of butterfly wing colouration used in different functional
contexts in a sex and surface-specific manner. Our find-
ings show that male butterflies often exhibit brighter,
and more saturated colours compared to females, while
dorsal surfaces display higher colour saturation than ven-
tral surfaces. Interestingly, brightness variations between
dorsal and ventral surfaces differed depending on the
specific colour examined (Figs. 2, S2). However, despite
differences in mean values, we reveal that the amount of
variation across sex, surface, and functional roles did not
differ (Figs. 3 and 4). This highlights an interesting pat-
tern of colour variation across butterflies which can be
further explored using experimental methods to eluci-
date the strength and mode of selection acting on these
crucial visual signals. These patterns also provide insights
contrary to studies in other taxa [29, 30, 91] though these
studies use larger datasets. Further, in line with Noke-
lainen et al. (2024) [91] who found differences in wing
pattern variation but no significant differences in colour
metrics (brightness, hue, and saturation) in relation to
antipredator strategies, our results also show similar
effect sizes and lack of differences in spectral parameter
variation across different functional roles. Larger samples
sizes might uncover smaller effects of sex, or surface on
colour variation and would improve the power of the
tests conducted herein. This study opens multiple ave-
nues of research that can investigate the eco-evolution-
ary mechanisms that shape or maintain butterfly wing
variation.
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