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Katja H. Rönkä2,4 , Brett M. Seymoure5,6 , Theodore Stankowich7 and
Adam M. M. Stuckert8

1Centre for Ecology & Conservation, College of Life & Environmental Sciences, University of Exeter, Penryn Campus, Penryn, Cornwall, TR10
9FE, U.K.
2Centre of Excellence in Biological Interactions, Department of Biological and Environmental Science, University of Jyväskylä, Jyväskylä, 40014,
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ABSTRACT

Aposematic theory has historically predicted that predators should select for warning signals to converge on a single
form, as a result of frequency-dependent learning. However, widespread variation in warning signals is observed
across closely related species, populations and, most problematically for evolutionary biologists, among individuals in
the same population. Recent research has yielded an increased awareness of this diversity, challenging the paradigm
of signal monomorphy in aposematic animals. Here we provide a comprehensive synthesis of these disparate lines
of investigation, identifying within them three broad classes of explanation for variation in aposematic warning
signals: genetic mechanisms, differences among predators and predator behaviour, and alternative selection pressures
upon the signal. The mechanisms producing warning coloration are also important. Detailed studies of the genetic
basis of warning signals in some species, most notably Heliconius butterflies, are beginning to shed light on the
genetic architecture facilitating or limiting key processes such as the evolution and maintenance of polymorphisms,
hybridisation, and speciation. Work on predator behaviour is changing our perception of the predator community as a
single homogenous selective agent, emphasising the dynamic nature of predator–prey interactions. Predator variability
in a range of factors (e.g. perceptual abilities, tolerance to chemical defences, and individual motivation), suggests
that the role of predators is more complicated than previously appreciated. With complex selection regimes at work,
polytypisms and polymorphisms may even occur in Müllerian mimicry systems. Meanwhile, phenotypes are often
multifunctional, and thus subject to additional biotic and abiotic selection pressures. Some of these selective pressures,
primarily sexual selection and thermoregulation, have received considerable attention, while others, such as disease
risk and parental effects, offer promising avenues to explore. As well as reviewing the existing evidence from both
empirical studies and theoretical modelling, we highlight hypotheses that could benefit from further investigation in
aposematic species. Finally by collating known instances of variation in warning signals, we provide a valuable resource
for understanding the taxonomic spread of diversity in aposematic signalling and with which to direct future research.
A greater appreciation of the extent of variation in aposematic species, and of the selective pressures and constraints
which contribute to this once-paradoxical phenomenon, yields a new perspective for the field of aposematic signalling.
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I. INTRODUCTION

Aposematic prey use warning signals to advertise their
defences or unprofitability to potential predators (Poulton,
1890; Cott, 1940). Since Fritz Müller’s (1879) first insights
into the dynamics of aposematic species, selection from
predators has generally been assumed to favour convergence
in warning signals, as this decreases prey mortality during
predator avoidance learning (Endler & Greenwood, 1988;
Ruxton, Sherratt & Speed, 2004; Sherratt, 2008). Traditional
theory holds that aposematic prey benefit from ‘strength
in numbers’, as predators should learn an association
between a signal and an aversive stimulus more rapidly
and more effectively if they encounter it with greater
frequency. Conversely, any aberrant forms of the warning
signal, deviating from the ‘normative’ pattern (the average
pattern or most common morph in the population) should
increase mistaken attacks by predators, decreasing the
effectiveness and speed of predator learning. Individuals
with the ‘normative’ pattern thus benefit from the frequency
of that phenotype and incur a reduced predation rate,
whereas aberrant individuals do not have this benefit.
Therefore, natural selection is thought to disfavour variation
in aposematic patterns and favour monomorphism in

warning signals (Poulton, 1890) – a hypothesis supported
by many examples from the field (e.g. Mallet & Barton,
1989; Borer et al., 2010; Chouteau, Arias & Joron, 2016). As
a result, variation in aposematic signals has historically been
considered paradoxical.

Nevertheless, variation in warning signals is found at
several levels, from individual to population and species-level
differences, and recent research has led to a renewed interest
in this diversity (Arenas & Stevens, 2017). The degree to
which any one aposematic pattern enhances fitness is a
product of many different selective pressures, ranging from
predator–prey interactions and environmental conditions
to trade-offs with other signal functions (Ojala, Lindström
& Mappes, 2007). In this review, we bring together some
of the latest findings of experimental and theoretical work
to address the role of these selection pressures, and help
resolve the apparent paradox of variation in aposematic
phenotypes. While aposematic signallers can utilise multiple
modalities (e.g. visual displays, odours, sounds, behaviours),
simultaneously or sequentially (Rowe & Halpin, 2013),
visual signals have received the most attention, so we have
focused our discussion on variation in colour and pattern in
aposematic animals (see examples of aposematic variation
in Fig. 1).
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Fig. 1. (A) White, yellow, and yellow/red morphs of the wood tiger moth (Arctia plantaginis) each vary in the extent of their
melanisation. (B) The two-spot ladybird (Adalia bipunctata) has numerous morphs including the typical melanic and non-melanic
forms shown here. (C) Morphs of the polytypic poison frog Ranitomeya imitator. (D) Continuous variation in stripe length and width in
the North American striped skunk (Mephitis mephitis).

Before addressing the processes underpinning variation
in warning signals, it is necessary to understand the levels
at which it occurs (Fig. 2). Warning coloration can vary
allopatrically between different populations of the same
species [e.g. polytypism (Mayr, 1963)] or sympatrically
within populations [e.g. polymorphism (Ruxton et al., 2004)].
The conspicuousness of signals, influenced by traits such
as luminance and saturation, may also vary continuously
among individuals of the same morph, temporally within
a single individual across seasons or its life cycle, and
among populations across a species’ distribution range,
forming a cline. Adding further complexity, more than one
form of variation can occur simultaneously, and different
components of the warning signal, such as size, pattern and
hue, can vary independently, according to separate proxi-
mate mechanisms. Variation can be genetically determined
(i.e. fixed), plastic, or shaped by the interaction of genes
and the environment. The harlequin ladybird (Harmonia
axyridis) for example, has multiple genetically determined
morphs (Komai, 1956), but the extent of melanism within
morphs has been shown to vary with developmental
temperature (Knapp & Nedvěd, 2013). Considerable
variation in aposematic signals is most difficult to explain at
the intra-population level, when alternative warning signal
phenotypes co-occur in single location (polymorphism,

polyphenism, and continuous variation; Fig. 2). We have
therefore focused our review on making sense of this poorly
understood yet remarkably common phenomenon.

Here we show how the complex biotic and abiotic
environments in which species live give rise to a myriad of
different selection pressures, which in turn lead to diversity
in warning signals. This provides a general conceptual
framework to explain when and why variation in aposematic
patterns might exist. We begin by discussing the theory
behind warning signal variation, then the demographic and
genetic architecture that underpins it, before moving on to
consider how variability in predation pressures can favour
variation in warning signals, as opposed to monomorphy,
even in mimicry systems (see Fig. 3 for mimicry). We then
review how the multifunctionality of colour patterns can
shape and favour diversity in aposematic signals. Finally, we
summarise known cases of signal variation in aposematic
species and discuss the taxonomic limitations of our current
understanding of the diversity of warning signals. To
showcase where and when warning signal variation occurs,
and highlight possible systems in need of further study, we
compiled a table of aposematic species in which variation
has been described in the existing literature (see online
Appendix S1 and Table S1). We find examples of warning
signal variation in nearly every taxon in which we find
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Intraspecific variation in aposematic
coloration 

Between populations

Populations with discrete  
morphs (polytypism)

Within populations

Continuous variation e.g. along
an environmental gradient  

Multiple discrete morphs in the 
same population. Morph 

determination is either fixed 
(polymorphism) or plastic  

(polyphenism)

Continuous variation between
individuals of the same morph  

Fig. 2. The levels of diversity in warning coloration discussed herein and associated terminology, with a hypothetical example using
a single species of ladybird beetle.

aposematism (see online Table S1), suggesting that variation
in warning signals is far more widespread than previously
appreciated. Altogether, this review aims to demonstrate
that variation in aposematic signalling should no longer be
considered paradoxical, a new perspective that stands to
advance our understanding of aposematic signalling.

II. THEORY

Explaining the existence of phenotypic variation in the face of
selection has long challenged evolutionary biologists and the-
oreticians (Bull, 1987; Roulin, 2004). The outstanding colour
variation in aposematic species has been viewed as particu-
larly problematic due to the pervasive view of predators as
a ‘purifying’ selective pressure moving warning coloration
towards monomorphism (Mallet & Joron, 1999). The major-
ity of theoretical work investigating the factors that determine
such colour variation focuses on Müllerian mimicry (Joron
& Mallet, 1998; Sherratt, 2008), involving the evolution
and maintenance of a shared warning signal in sympatric,

aposematic species (Müller, 1879). While it may seem coun-
terintuitive to discuss the theory behind the evolution of
similarity to understand how variation might arise and be
maintained, the factors responsible for creating or reducing
variation in signal form are likely to be closely linked. That is,
selection pressures for or against mimicry and within-species
‘purifying’ selection may have many features in common.

Early models predicted that when there are multiple
morphs present (whether they belong to one species or multi-
ple species), an adaptive landscape characterized by multiple
fitness peaks is generated, and predators should act to push
the population as a whole to the highest adaptive peak by
removing morphs defining lower adaptive peaks (generally
the less common morphs), particularly when there are
numerous prey types (e.g. Sherratt, 2002; Beatty, Beirinckx
& Sherratt, 2004; Ruxton et al., 2004). In a similar fashion,
if variation within a population is not discrete, and the peaks
are short with wide tails, then predators should push the
population’s adaptive peak up by removing outliers, i.e. those
individuals most different from the ‘norm’ (Sherratt, 2006).
Furthermore, where discrete variation occurs, the different
phenotypes should evolve towards similarity as long as there
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Müllerian mimicry – two or more defended species resemble each other, thus
sharing the costs of educating predators. It is beneficial to all species involved.

Batesian mimicry – an undefended species resembles a defended one, thereby 
gaining the benefit of predators’ learned or innate avoidance. It is beneficial to the
undefended species but harmful to the defended species being mimicked, as it may
slow predator avoidance learning or reduce avoidance altogether.

Quasi-Batesian mimicry –  mimicry that initially appears Müllerian as all species
possess some form of defence, however differences in either type or strength of the
defences between species mean that the mimicry is not beneficial for all species, 
with the more-defended, mimicked species suffering costs resulting from slower 
predator learning. Occasionally referred to as Speedian mimicry.

Automimicry – some members of a defended species have reduced or absent 
defences, while retaining the same appearance as their defended conspecifics, thus
benefitting from predator avoidance. High levels of automimicry threaten to slow or 
prevent predator avoidance learning.

Fig. 3. Definitions of the forms of mimicry discussed in this review.

is protective overlap between these distinct phenotypes in
peak space, except when the phenotype is determined by a
single locus (Turner, 1983). This occurs because overlapping
space in the fitness landscape increases survival, and indi-
viduals that become increasingly more similar have overall
higher survival (Mallet & Joron, 1999). This situation should
only arise where there is a sufficient amount of overlap in
fitness peaks in the adaptive landscape – if there is barely any
overlap then the selection acting against phenotypes in the
overlap area should be similar to that of a novel, unprotected
form. In general, this scenario is more likely when there is
one adaptive peak that is higher than others due to either
population size or higher toxin load, in which case it should
‘capture’ the alternative species/morph (Turner, 1983).

These models predict that intraspecific warning signal
variation would only persist under certain conditions. Firstly,
variation can be maintained where population sizes are
large (Plowright & Owen, 1980) and there is spatial or
temporal variation in local predator communities combined
with simple drift, resulting in a mosaic of different phenotypes
(Franks & Noble, 2004; Ruxton et al., 2004; Sherratt, 2006).
Secondly, and slightly more contentiously, new morphs could
arise and reach high local frequency through mechanisms
such as bottlenecks, drift, mutation, via fluctuations in local
ecological factors, or through relaxed selection due to a
decline in predator abundance, causing peak shifts and the
creation of new adaptive peaks (Turner & Mallet, 1996).
Notably, the exact mechanisms by which this occurs are
rarely covered in any greater detail than the above list, and
are often treated as a ‘black box’. Herein, we attempt to flesh
out both the mechanisms and circumstances that may lead
to the creation and maintenance of these new phenotypes
and corresponding adaptive peaks.

Once new peaks are created, theory posits that
local predators should exert uniform, frequency-dependent
selection for all conspicuous species/morphs towards this
new peak (Sheppard et al., 1985). This stabilising selection
can then work on surrounding populations via movement of

hybrid clines or individuals migrating into new populations.
This idea is known as shifting balance, and has been
implicated in the evolution of geographical mosaic patterns
in aposematic species and mimicry rings (Brown, Sheppard
& Turner, 1974; Turner, 1983; Mallet, 2010; Chouteau &
Angers, 2012). A key prediction of the shifting balance idea
is that any form of polymorphism should be strongly selected
against, and therefore temporary. Similarly, continuous
variation in the aposematic signal should be generally
selected against as stabilising selection should remove
the most-different individuals (i.e. those furthest from the
‘average’ appearance). This, of course, depends on predators
being able to discriminate against and remember subtle
differences in aposematic signal over time (see Section IV
and Sherratt & Peet-Paré, 2017).

Unfortunately, very little of the warning colour variation
observed in wild populations meets the conditions outlined
above. For example, multiple morphs of the same species
are frequently found existing in the same locality (e.g. Brown
& Benson, 1974; Borer et al., 2010), often at low densities
and/or low frequencies within a population (Chouteau et al.,
2017). Furthermore, the idea that such polymorphisms are
likely to be transient and unstable has also been empirically
challenged; for example, polymorphism in the poison frog
Oophaga pumilio has been persistent on Bastimentos Island
in Panama (Richards-Zawacki, Yeager & Bart, 2013) and
relaxed selection resulting from a decrease in predators
produces a vastly reduced predation rate even on novel
or intermediate forms (Chouteau & Angers, 2012). The
mismatch between theory and empirical examples is in part
due to the overly simplistic assumptions made about predator
behaviour in earlier models. It is increasingly apparent that
predator behaviour is more complex than early evolutionary
models of warning coloration and mimicry allowed (Sherratt,
2008; Skelhorn, Halpin & Rowe, 2016), such as the early
(and incorrect) assumption that predators sample a fixed
number of prey to learn the association between signals and
unprofitability (Rowland et al., 2010a). The incorporation
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of some of this complexity in predator behaviour into
models, e.g. optimal predator sampling strategies based
on exploration–exploitation trade-offs (Sherratt, 2011), has
started to close the gap between theory and empirical
examples resulting in scenarios where warning colour
variation is predicted to arise within and among species
(Aubier & Sherratt, 2015; Kikuchi & Sherratt, 2015).

As these more recent theoretical models demonstrate,
less-paradoxical predictions about the emergence and
maintenance of multiple fitness peaks in warningly coloured
species can be generated by incorporating predictions
derived from empirical work on the complexity of predator
behaviour. However, there is still a great deal of nuance
in predator behaviour that has yet to be captured in
theoretical models (see Section IV). It is also important
to note that genetic mechanisms may facilitate or constrain
variation (McLean & Stuart-Fox, 2014; see Section III)
and that independent fitness peaks can easily be reinforced
by alternative biotic and abiotic selection pressures (other
than predation) that may also act upon warning coloration
(Calsbeek, Hasselquist & Clobert, 2010; see Section V). Below
we outline these and other factors that future models could
take into consideration, hopefully facilitating convergence
of model predictions with the variation observable in the
warning coloration of aposematic species.

III. EVOLUTIONARY AND GENETIC
CONSTRAINTS ON WARNING-COLOUR
DIVERSITY

Studies of the proximate mechanisms underlying aposematic
variation have a limited taxonomic scope (but see Section
VI and see online Table S1 for more possibilities), focusing
primarily on Heliconius butterflies. Thus our review of the
genetic and developmental pathways engendering diversity
in warning colours is similarly largely based on insights
gained from Heliconius.

(1) Geographic isolation and range shifts

Many of the well-studied polymorphic/polytypic aposematic
species occur in the Neotropics, and consequently early
hypotheses explaining polymorphisms and polytypisms
relied on the Pleistocene refugium theory (Turner, 1965;
Brown, 1979). This theory states that high rates of allopatric
speciation/subspeciation resulted from fragmentation of
tropical forests during climate warming, and then when
climate cooled, and forests became continuous, species
became sympatric (for discussion see Merrill et al., 2015).
The Pleistocene refugium theory has been invoked to
explain the diversity of warning colours observed in poison
frogs, neotropical Lepidoptera, and other tropical species,
with refugia in Europe potentially playing a similar role
for temperate species. However, this theory has recently
been criticised and, in the case of Heliconius, time-calibrated
phylogenies indicate that diversity was present before

the Pleistocene (Nelson et al., 1990; Whinnett et al., 2005;
Dasmahapatra et al., 2010; Kozak et al., 2015; Merrill et al.,
2015). The current working hypothesis for how geographic
or microhabitat variation has led to polymorphisms includes
several stages. First, polytypisms arise through parapatric
populations (populations with a narrow contact zone and low
levels of gene flow) via a variety of non-climatic mechanisms,
such as genetic drift or adaptation to the local abiotic
environment (Mallet, Jiggins & McMillan, 1998). Then,
once populations are established, either gene flow continues
or they eventually become sympatric, producing polymor-
phisms that may be transient (Mallet et al., 1998; Joron
& Iwasa, 2005). Polymorphisms/polytypisms can similarly
arise due to earlier divergence of one clade, followed by sub-
sequent mimicry by another clade (e.g. Symula, Schulte &
Summers, 2001, 2003; Sanders, Malhotra & Thorpe, 2006).

(2) Genetic basis of warning coloration

Investigations into both Heliconius and Papilio (swallowtail
butterflies) species have shown that a handful of specific
genetic loci and associated regulatory elements are
responsible for the varied phenotypes these genera present
(Kunte et al., 2014; Kronforst & Papa, 2015; Nishikawa et al.,
2015). While a limited number of loci controlling colour and
pattern would seem to be a fairly large constraint on the
evolution of phenotypes, in both groups it is in fact the basis
for extensive phenotypic diversity, resulting from repeated
selection (Nadeau, 2016). For example, a number of key loci
are known to control switches in pattern elements within the
mimetic radiation of Heliconius butterflies [e.g. WntA (Martin
et al., 2012), optix (Reed et al., 2011; Supple et al., 2013) and
cortex (Nadeau et al., 2016)]. Kronforst & Papa (2015, p. 12)
suggest that in Heliconius the phenotypic lability resulting from
the influence of a small number of loci under strong selection
creates a ‘virtually unlimited number of possible wing-pattern
phenotypes’. Intuitively, this makes sense as a smaller number
of loci will increase each locus’ contribution to the phenotype
and thus each locus will be under stronger selection (Gavrilets
& Vose, 2005). Ultimately a simplified genomic architecture
facilitates the diversification of warning coloration.

Hybridisation and adaptive introgression among species
have also contributed to the diversity of warning coloration
in Heliconius (Mallet et al., 1990; Gilbert, 2003; Helico-
nius Genome Consortium, 2012; Pardo-Diaz et al., 2012;
Wallbank et al., 2016). Although adaptive introgression and
hybrid speciation both involve crossing individuals of differ-
ent species, there is a difference that is worth noting as they are
evolutionarily different mechanisms (Grant, Grant & Petren,
2005). Adaptive introgression results from gene flow from
one species into the gene pool of another species through
backcrossing of a hybrid with one of its parent species and
can result in adaptive genes becoming incorporated back
into the parental species (Grant et al., 2005; Kronforst &
Papa, 2015). Examples of adaptive introgression in natural
systems are rare although reported cases do exist. Among
Heliconius butterflies, H. cydno can hybridise with H. melpomene,
and Pardo-Diaz et al. (2012) found repeated introgression of
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adaptive alleles from H. melpomene in H. timareta. Hybrid
speciation differs from adaptive introgression in that novel
genomes are created from two parental species, which can
lead to novel adaptive peaks in the landscape (Kronforst &
Papa, 2015). Known hybrids include H. heurrippa, a hybrid of
H. melpomene and H. cydno in the wild (Salazar et al., 2005,
2008, 2010). Furthermore, H. elevatus was formed during a
hybrid speciation event but is thought to have the colour pat-
terns of H. melpomene introgressed into its genetic pool (Heli-
conius Genome Consortium, 2012), thus revealing a fine line
between the dichotomy of introgression and hybridisation.
There is also strong evidence that such hybrid-trait specia-
tion in Heliconius is promoted by tight genetic linkage between
mate-choice and colour-pattern loci resulting in assortative
mating based on wing colour patterns (Mavárez et al., 2006;
Kronforst, Kapan & Gilbert, 2006a; Melo et al., 2009; Mer-
rill et al., 2011). For example, H. cydno and H. pachinus mate
preference segregates with forewing colour in hybrids, indi-
cating that colour preference and wing colour are controlled
by loci that are pleiotropic effects of a single locus (Kronforst
et al., 2006b). Although our knowledge of hybrid speciation
and adaptive introgression has come from Müllerian mim-
ics, it is possible that non-mimetic polymorphic aposematic
coloration has resulted from both mechanisms.

Conversely, whilst some level of recombination can
facilitate diversity in warning signals, too high a level
has the potential to have a homogenising effect (Mayr,
1963), and hybridisation is not always adaptive (Arias et al.,
2016). In polymorphic populations, there should be tight
linkage between loci to facilitate the coexistence of several
combinations of congruous alleles, thus producing several
different phenotypes (Merrill et al., 2015). Genes that are
closely linked (i.e. supergenes) facilitate multiple functional
elements to segregate as a single Mendelian locus despite
recombination elsewhere in the genome, and have been
found to be associated with polymorphic mimicry (Brown &
Benson, 1974; Charlesworth & Charlesworth, 1975; Turner,
1977b; Joron et al., 2006; Thompson & Jiggins, 2014).
Heliconius numata has several coexisting discrete mimetic
phenotypes in the same population that are coded for by
a single supergene (Joron et al., 2011; Merrill et al., 2015).
Unsurprisingly, similar supergene architecture is not present
in the sister species of H. numata, which do not have local
polymorphisms (Huber et al., 2015).

Many of the genes identified in Heliconius as controlling
coloration are conserved across Lepidoptera (Nadeau, 2016;
Nadeau et al., 2016), which comprise a significant proportion
of aposematic species and their mimics (see online Table S1).
Whether similar genetic architecture underlies warning
coloration polymorphisms in aposematic species outside this
taxon is not yet clear. Work in ladybirds (Tan & Li, 1934;
Komai, 1956; Majerus, 1994), colubrid snakes that are
Batesian mimics (Davis Rabosky, Cox & Rabosky, 2016a),
and a poison frog (Vestergaard et al., 2015) indicate that
morph variation in these species is also determined by a
small number of gene loci. However, in contrast to the more
complex supergene organisation seen in H. numata, mimetic

warning coloration in colubrid snakes is the result of a much
simpler multilocus system (Davis Rabosky et al., 2016a).
These differences can have important implications for evolu-
tionary dynamics in mimicry, for example via their influence
on evolutionary rate or even a subsequent evolutionary shift
from warning coloration to crypsis, a phenomenon common
in snakes but not in Heliconius (Davis Rabosky et al., 2016b).

Given this evidence, it is clear that in order to understand
how the genetic architecture of warning coloration enables
or constrains morphological variation we need more infor-
mation about the genes and gene networks at play, as well as
a broader taxonomic coverage of the genetic architecture.
Alongside the work already carried out on snakes, promising
taxa include wasps (Perrard et al., 2014) and ladybird beetles
(Lee et al., 2011). The latter are particularly intriguing as,
unlike Heliconius spp., there is scant evidence of hybridisation,
and for two highly polymorphic species (H. axyridis and
A. bipunctata) multiple morphs have been produced in the
laboratory that are scarce in the field (Majerus, 1994;
Hodek, van Emden & Honek, 2012). Furthermore, recent
work on the wood tiger moth Arctia plantaginis has revealed
a negative genetic correlation between the efficacy of larval
and adult warning coloration that likely contributes to the
maintenance of observed variation in aposematic coloration
at both life stages (Lindstedt et al., 2016). Investigations
into other such genetic correlations outside of Heliconius,
for example between different components of the warning
signals themselves (e.g. in Pieris butterflies; Kingsolver &
Wiernasz, 1991), may therefore also prove fruitful to further
our understanding of warning-signal variation.

IV. PREDATION AND SIGNAL VARIATION

Interactions between predators and defended prey lie at the
heart of the paradox surrounding diversity in aposematism.
While predation has traditionally been considered to favour
monomorphy in warning signals, a growing appreciation
of the differences in physiology, psychology and habitat
use between predator species, populations, and individuals
suggests that predator communities are in fact heterogeneous
and dynamic selective agents. This generates diversity in
predation risk and creates a significant opportunity for the
maintenance of variation in aposematic prey.

(1) Predators vary spatially, temporally,
taxonomically, and individually

A predator’s response to warningly coloured prey depends
on both the prey’s relative unprofitability and the
conspicuousness of their visual signals (Mappes, Marples &
Endler, 2005), so aposematic prey must carefully balance
their investment in these two strategic components (Speed
& Ruxton, 2007). Yet predators are also highly variable in
their response to both chemical defences and visual cues.
Therefore, the most adaptive tactic for defended prey will
largely depend on the specific predator community in their
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Fig. 4. Types of variation in predators and the forms of warning-signal variation they may promote: 1, temporal variation (for
example seasonal polyphenism); 2, polytypism; 3, polymorphism within a metapopulation; 4, polymorphism; 5, continuous variation.

immediate environment. Variation among predators and
predator guilds can occur at several levels: among species,
spatially among populations, temporally across seasons or an
individual’s lifetime, and at a finer scale among individuals
(whether based on a stable behavioural type/syndrome or
variable factors such as motivation), creating a mosaic of
different selective pressures. In the following section, we
suggest how variation in multiple predator traits, at different
spatial and temporal scales, can facilitate the maintenance
of different patterns of variation in prey signals (summarised
in Fig. 4).

(a) Types of variation in predators, and potential consequences

For a given predator (species or individual), defended
prey vary in their degree of unprofitability (Brower et al.,
1968), from mere distastefulness to deadly toxin loads. The
impact of this difference is in part dependent on the specific
predator and thus will differ among predators according
to their susceptibility to specific toxins (Endler & Mappes,
2004; Mappes et al., 2005), while the willingness of any
individual to attack and consume defended prey will further
be modulated by other factors, such as motivation and
experience. Specialist predators, such as grosbeaks and
orioles feeding on defended monarch butterflies, Danaus
plexippus (Fink & Brower, 1981; Brower, 1988) or raptors
preying on vipers (Vipera spp.; Valkonen et al., 2012), can
overcome the defences of aposematic animals, whether
through resistance to their defences or careful handling.
As such, attracting their attention with bright aposematic
signals would be detrimental to prey survival. Tolerance

of prey defences can vary across species but also among
populations of predators; for example, some populations
of garter snakes, Thamnophis sirtalis, have evolved resistance
to newt tetrodotoxin (Geffeney, 2002). This may lead to
polytypic or polymorphic variation in the conspicuousness
of defended prey, following the distribution of more- or
less-tolerant predators across populations and microhabitats.

Predator sensory systems, including their perception of
visual cues and other cognitive functions (e.g. ability to
learn, remember and generalise between signals), may also
facilitate the maintenance of polytypic and polymorphic
variation among aposematic prey. The key sensory systems
used for hunting differ among predator taxa, so, for the same
defensive effect, prey may need to employ a diversity of signal
forms to maximise their ‘avoid me’ signal efficacy (Guilford
& Dawkins, 1991). Predation experiments with artificial prey
demonstrate that only some predators respond to visual
cues; for example, while avian predators avoid warningly
coloured dendrobatid frog models, crabs and lizards do
not (Willink et al., 2014). Variation in the effectiveness of
warning coloration when confronted with different predator
communities may lead to conflicting selective pressures on
prey signals. In Japan, the relative abundance of avian
predators, which rely on vision when hunting, compared to
mammalian predators, for whom visual properties are less
relevant, may be responsible for the variation in the extent
of red coloration in Cynops pyrrhogaster newts between island
and mainland populations (Mochida, 2011). Among visually
oriented predators themselves, there is considerable variation
in perceptual abilities (Osorio & Vorobyev, 2008), suggesting
that some predators could perceive or distinguish visual
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signals that others may not. In addition, sensory processing in
the brain plays a role in determining key features influencing
the effectiveness of warning signals, such as detectability,
discriminability and memorability (Guilford & Dawkins,
1991). Finally, environmental conditions also affect the
visibility and effectiveness of warning colours, dependent on
ambient light and the characteristics of natural backgrounds
(Endler, 1990, 1993; Bond & Kamil, 2006; Rojas, Rautiala
& Mappes, 2014b); so aposematism overall, or some specific
colour morphs, may be more effective in particular habitats.

Beyond perception of the signals, higher-level cognitive
processes may also influence predator responses to prey
signals, and thus ultimately impact the adaptive value of
conspicuousness and warning coloration. Generalisation
between visual signals, whether they cannot be perceptually
distinguished or are grouped together by higher-order
cognitive processes, is especially interesting, as it would
effectively allow different colour morphs to co-occur with
equal fitness (Amézquita et al., 2013; Richards-Zawacki
et al., 2013; Stuckert, Venegas & Summers, 2014b; Rönkä
et al., 2018). For example, tests with multiple passerine
species suggest that they differ in their ability to generalise
prior experience of red firebugs (Pyrrhocoris apterus) to yellow
morphs of this species (Exnerová et al., 2006). Although it
would not itself select for variation, generalisation between
morphs could facilitate the maintenance of different forms
(which could provide other selective benefits; see alternative
selection pressures in Section V) in populations where
predators tend not to distinguish between morphs.

Even if predators classify signals as distinct, further differ-
ences in their response will arise due to variation in general
neophobia, cautiousness when handling novel prey, and
dietary conservatism. These effects can potentially facilitate
the evolution of novel conspicuous morphs (Marples, Roper
& Harper, 1998; Thomas et al., 2003, 2004; Exnerová et al.,
2006); although experimental evidence suggests dietary
conservatism may not be sufficient to counteract positive
frequency-dependent selection against novel morphs when
these are rare and conspicuous (Marples & Mappes, 2010).
In some cases, innate avoidance of specific patterns plays
an important role, as demonstrated by the aversion of
naive turquoise-browed motmots (Eumomota superciliosa) and
great kiskadees (Pitangus sulphuratus) to coral snake (Micrurus
spp.) patterns (Smith, 1975, 1977). Strong innate responses
may allow polymorphisms in warning signals to evolve if
the predators avoid a broad class of visual signals, such
as all ringed patterns in the case of coral snakes. Finally,
variability in the learning abilities of predators will affect
the benefit of aposematic signalling for defended prey
(Endler & Mappes, 2004; Mappes et al., 2005). Recent
work on domestic chicks (Gallus gallus domesticus) showed
variation in avoidance learning among different breeds
of this species. Chickens bred for high productivity were
initially less wary of aposematic prey, but also formed
weaker associations between signals and defences over time
than the other breeds of chicken, leading to differential prey
survival in laboratory experiments (Rowland, Fulford &

Ruxton, 2017). Predators in the wild may also differ in their
learning abilities, leading to variation in predation risk for
aposematic prey with different signals, and are also likely to
differ from domestic chickens. Further research on learning
in more relevant predators could alter our expectations of
predator capabilities and responses to aposematic prey; for
example, evidence that predators can rapidly memorise
many different signal forms would challenge the assumption
of strong selection for aposematic signal monomorphy.

Classic experiments on neophobia and dietary conser-
vatism in passerine birds also reveal further intraspecific
variation, which cannot be attributed to factors such as dif-
ferences in territory, experience or sex (Marples et al., 1998).
These could be linked to personality, known to affect both
initial reactions to aposematic prey and the learning process
(Exnerová et al., 2010), or individual condition. A preda-
tor’s level of hunger and current condition will determine
its motivation and willingness to attack and consume risky
prey, including warningly coloured individuals, which will
impact the relative benefit of aposematic displays. Rather
than rejecting aposematic prey outright, predators consider
all available prey types to make adaptive foraging decisions,
based on the relative costs of ingesting toxins versus the nutri-
tional gain from consuming the prey (Barnett et al., 2012).
Experiments with European starlings (Sturnus vulgaris) suggest
they can distinguish not only undefended from toxic prey, but
also different levels of chemical defences, via taste-rejection
(Skelhorn & Rowe, 2006, 2009), as well as gaining nutri-
tional information about the prey (Skelhorn et al., 2016).
This allows them to make educated decisions while foraging,
depending on their motivation to feed; accordingly, star-
lings are more willing to consume defended prey when their
own reserves are experimentally reduced (Barnett, Bateson
& Rowe, 2007), early-life or current conditions are harsher
(Chatelain, Halpin & Rowe, 2013; Bloxham et al., 2014),
or the prey have greater nutritional value relative to their
toxicity (Halpin, Skelhorn & Rowe, 2014; Smith, Halpin &
Rowe, 2016). While there is a growing body of evidence, pri-
marily from laboratory experiments, suggesting that varying
levels of motivation affect prey choice by predators, how this
may impact the survival of aposematic prey and selection
pressures on signal form in the wild is not yet clear. The phys-
iological mechanisms and cognitive processes responsible for
these adaptive decisions are still relatively poorly known,
but there is scope for mediation of this toxicity–nutrition
trade-off to vary among species, populations and personali-
ties (Skelhorn et al., 2016). Exploring how different predators
deal with the trade-offs associated with foraging in a natural
setting, such as balancing the time required to assess the
profitability of warningly coloured prey accurately, while
managing their own exposure to predators and efficient for-
aging, would be extremely valuable for obtaining a more
well-rounded picture of predation risk for aposematic prey.

Motivation is not the only highly variable trait affecting
predator responses to aposematic prey. Prior experience
is critical in determining whether a predator will choose
to attack and consume a prey item. This can vary widely
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across species and populations of predators, as traits such as
dietary specialisations (Exnerová et al., 2003; Ihalainen et al.,
2012) and territoriality (Endler & Rojas, 2009) affect which
prey assemblages a predator may experience. For example,
omnivorous and more specialised passerine birds respond
differently when presented with aposematic invertebrates
(Exnerová et al., 2003). Similarly, great tits (Parus major) from
Finland are more reluctant to attack aposematic prey than
great tits from Bohemia, possibly due to a reduced exposure
to warningly coloured invertebrates, and a higher propor-
tion of neophobic and migratory birds in the population
(Exnerová et al., 2015). On a finer scale, a predator’s level
of experience will depend on the number of encounters with
defended prey, so may differ between age classes (Lindström,
Alatalo & Mappes, 1999). Seasonal fluctuations in overall
predator naivety may occur as young predators learn to
forage for themselves and sample aposematic prey for the
first time, thereby impacting the relative benefits of conspicu-
ousness and crypsis for defended prey at different times of the
year (Mappes et al., 2014) and potentially favouring seasonal
polyphenism, as seen in striated shieldbugs, Graphosoma
lineatum (Tullberg et al., 2008; Johansen et al., 2010).

Finally, variation in predator traits interacts with other
forms of variation in the whole community of organisms in a
given habitat, such that the characteristics of this community,
and the interactions between all its members, will ultimately
shape the selective pressures acting on warning signal form.
From the predators’ perspective, the presence, abundance
and nutritional value of alternative prey, as well as the effort
required to locate them and the toxin load already ingested,
all impact the net benefits of attack (Turner & Speed, 1999;
Sherratt, 2003; Rowland et al., 2010c; Carle & Rowe, 2014;
Skelhorn et al., 2016), and the strength of selection for conver-
gence in prey signals (Fig. 4; Kokko, Mappes & Lindström,
2003; Lindström et al., 2004). The diversity of prey coloration
within populations is equally important, not only in shaping
predator experience, but also because of the demands it
places on predators’ cognitive skills. Selective pressures for
signal uniformity may be relaxed in more complex commu-
nities, as predator learning is limited by their ability to mem-
orise multiple signals and their associated risks and benefits
(Ihalainen et al., 2012). In an even broader ecological context,
the predation risk experienced by the predators of apose-
matic prey themselves may also contribute to their response
to warning signals (Lima & Dill, 1990), due to variable costs
of exposure to predators incurred by longer prey-handling
times, or increased searching behaviour to find alterna-
tive prey. As such, differences in both prey and predator
communities among populations, as well as spatio-temporal
heterogeneity within populations, combine to produce vari-
able selection pressures affecting warning signal form.

(b) Predator response to variation in prey toxicity, and its implications
for aposematic variation

Just as variation in predator communities was originally
underappreciated, the variability of secondary defences,
particularly chemical defences, in natural populations has

long been neglected (Speed et al., 2012). At the extreme end of
this spectrum is automimicry, a phenomenon whereby some
individuals within a population of aposematic animals have
either extremely low levels of toxins or none at all (Brower,
Brower & Corvino, 1967; Ruxton et al., 2004). This seems to
occur primarily in species that acquire either toxins or toxin
precursors from their diet. Automimicry poses a problem for
defended individuals because, similar to Batesian mimicry,
it degrades the efficiency of the aposematic signal and thus
any given individual in the population is more likely to be
attacked (Fig. 3). Further, automimicry poses a problem for
predators that may also experience negative side effects,
for example by unintentionally consuming toxic prey after
previous experience with a palatable individual of the same
species (Ruxton et al., 2004). Nevertheless, models indicate
that automimicry may persist when there are two discrete
levels of defence within a population and low predation
pressures (Broom, Speed & Ruxton, 2005), or when defence is
a continuous trait (and especially when defence levels trade off
with fecundity; Svennungsen & Holen, 2007). Additionally,
evidence indicates that automimicry may in fact not affect
overall predation rates in a population when automimics
are below 25% of the population (Skelhorn & Rowe, 2007).
With respect to this review, automimicry is of interest as
a potential intermediate step towards polymorphism, if the
population of automimics begins to diverge into two different
aposematic strategies. For example, in insects, females could
evolve a preference for different host plants to oviposit on,
which produces differential toxicity in the population and
potentially different peaks in the adaptive landscape. Broom
et al. (2005) have shown this to be a stable strategy and it could
function as an intermediate step towards polymorphism via
ecological mechanisms. Although theory would predict that
the phenotype in the lower adaptive peak should evolve
towards similarity with the higher peaked phenotype (e.g.
Turner, 1983), there are alternative mechanisms that may
maintain this (see Section V). Over time, this behaviour could
become canalised and correlate with the aposematic signal
as well. How common this is, or whether it occurs at all,
is unknown. Automimicry may also be capable of creating
polymorphisms in situations in which toxicity and colour are
linked via some environmental trait. A plausible mechanism
would be something akin to the resource-allocation theory
that has been supported by work on ladybird beetles (Blount
et al., 2009, 2012; see Section V), wherein some individuals
acquire a chemical defence and others do not.

Similar to automimicry within a species, mimetic species
are often unequally protected. This brings about a scenario
known as quasi-Batesian mimicry, occasionally referred to as
Speedian mimicry (Speed, 1990; Fig. 3). Although mimicry
has often been described as a binary scenario, i.e. either
Batesian or Müllerian, there is evidence that it may be
better represented as a spectrum, much as visual strategies
are now perceived as a continuum ranging from crypsis
to aposematism. Mimicry appearing to be Müllerian in
nature may in fact be detrimental to one species and lead
to quasi-Batesian mimicry if there is a difference in the
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level of defence between the two mimetic species (Speed,
1990). Crucially, it is as yet unclear whether differences
in toxicity and associated unpalatability actually produce
quasi-Batesian systems, or if variation between mimetic
species with differing levels of toxins is ecologically irrelevant
and these species have functionally mutualistic relationships
(e.g. Rowland et al., 2007; Stuckert et al., 2014a). Similar to
Batesian mimicry, local polymorphism may be beneficial
to individuals of species with a low level of defence; if
they can mimic different established aposematic species,
they would gain a greater survival advantage, as the costs
of mimicry would be spread across several model species
(Speed, 1993; Ruxton et al., 2004). Quasi-Batesian mimicry
may also put selective pressure on the less-defended species
to be more similar to the phenotype of the better-defended
species. This in turn may be sufficiently detrimental to the
better-defended species that they may experience selection
away from the shared form (similar to Batesian mimicry).
This could, theoretically, lead to an evolutionary chase
between the model and the quasi-Batesian mimics in a
red queen chase scenario (Van Valen, 1973), particularly if
selective pressures promote similar rates of adaptation in the
two species. Furthermore, as discussed above, predators can
make decisions based on both their nutritional level and toxin
load, and therefore the availability of alternative, palatable
prey may strongly influence the relationship between mimetic
species, particularly if they differ in toxicity (Rowland et al.,
2010b). Including information on predator state in models of
mimicry can lead to surprising outcomes; for example, two
species that are visually distinct may both still benefit from
the other species’ presence even when toxins are not costly
for predators to detoxify (Halpin, Skelhorn & Rowe, 2012;
Halpin et al., 2017). Additionally, differences in chemical
defences (i.e. Batesian or quasi-Batesian mimicry) could cause
populations of a defended species to experience different
coevolutionary trajectories (Laine, 2009), particularly when
they are in geographic isolation. This could lead to
polytypism, or polymorphism if the populations eventually
become sympatric once more.

In reality, the role that variation in chemical defence
has on populations and the evolution and maintenance of
variation in colour phenotypes is largely speculative. This,
in part, derives from a general uncertainty as to whether
or not these differences in toxicity actually make ecological
differences to predators. In general, we lack the empirical
data to determine what this variation means to predators,
or even why this variation occurs. This is a fairly substantial
gap in our knowledge, one which could lead to a burgeoning
subdiscipline.

(2) Predator diversity contributes to the
maintenance of variation in aposematic prey

(a) The distribution of predator diversity shapes patterns of variation in
prey

Population-level differences in predation regimes may
facilitate the maintenance of continuous variation between

populations of warningly coloured species, as seen in the red
coloration of newts on Japanese islands (Mochida, 2011), or
polytypisms. Within populations, many studies demonstrate
greater predation risks for rare and novel conspicuous forms
relative to locally abundant ones (Lindström et al., 2001;
Borer et al., 2010), particularly in poison frogs (e.g. Noonan
& Comeault, 2009) and Heliconius butterflies (e.g. Mallet &
Barton, 1989; Chouteau et al., 2016). These local predation
pressures can produce a purifying selective force, driving
populations towards distinct local phenotypes (Joron & Iwasa,
2005; Sherratt, 2006). In poison frogs, artificial predation
experiments with models resembling distinct colour morphs
of Ranitomeya imitator demonstrate that predation risk for
these morphs varies geographically, favouring polytypisms
(Chouteau & Angers, 2011).

On a smaller scale, differences between predator
communities across microhabitats within a single population
may facilitate the maintenance of polymorphisms in
aposematic species and even contribute to speciation, as has
been suggested for ithomiine butterflies (Mallet & Gilbert,
1995; Beccaloni, 1997; Elias et al., 2008). In a recent study
in Ecuador, butterflies with particular wing patterns were
found at different frequencies among distinct microhabitats
in the canopy (Willmott et al., 2017). The community of avian
predators likely to be encountered by these butterflies also
covaried with these microhabitats, and artificial predation
experiments suggested that predation risk experienced
by specific wing patterns differed among microhabitats.
Moreover, behavioural choices, such as temporal variation
in activity or microhabitat selection, will enable aposematic
prey to alter their conspicuousness and improve their chances
of survival (Rojas, Devillechabrolle & Endler, 2014a; Arenas
& Stevens, 2017), thus enabling multiple signal forms to
coexist successfully.

(b) Dealing with predator diversity within a population

The presence of a diverse community of predators in a
single location may favour variability in warning signals,
so as to mitigate overall predation risk. Variation in the
extent of conspicuousness may be employed as a compromise
strategy, whereby signals of intermediate visibility, but still
distinct and recognisable, may deter predators that heed the
signal without attracting too much attention from others. For
example, the polytypic poison frogs Oophaga granulifera and
O. pumilio include morphs that are green and cryptic, others
that are bright and truly ‘aposematic’, and intermediate
phenotypes. This phenomenon seems to be related to
behavioural phenotypes and attack rates by predators, as
frogs from brighter populations are bolder and experience
lower attack rates (Maan & Cummings, 2012; Willink et al.,
2013, 2014). Alternatively, a given signal may vary depending
on the position of the observer. In distance-dependent
signalling, aposematic species possess pattern elements that
make them appear cryptic from afar, yet conspicuous up close
(Barnett & Cuthill, 2014; Barnett, Scott-Samuel & Cuthill,
2016). Examples include Vipera snakes (Valkonen et al., 2012),
some butterfly larvae (Tullberg, Merilaita & Wiklund, 2005;
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Bohlin, Tullberg & Merilaita, 2008) and spotted skunks
(Spilogale spp.), which are difficult to detect unless viewed
closely (Caro et al., 2013). Thus, prey coloration is not
always exclusively cryptic or aposematic, but rather forms
a continuum between camouflage and warning coloration,
which can be manipulated to the prey’s advantage.

Diversity within a population of predators can also main-
tain fixed variation within an aposematic prey population,
under certain circumstances. Contrary to traditional the-
ories of Müllerian mimicry, positive frequency-dependent
selection is not ubiquitous (Greenwood, Wood & Batche-
lor, 1981; Amézquita et al., 2013; Richards-Zawacki et al.,
2013). Müller’s more simplistic assumptions about the rela-
tions between predators and prey, such as the fixed numbers
of prey encounters required for learning, have since been
replaced by a greater understanding of the complexity of
predator communities. Considering the number of vari-
ables potentially affecting the overall outcome of foraging
decisions by predators, a broad range of different selec-
tion regimes should be expected (Stevens & Ruxton, 2012;
Aubier & Sherratt, 2015) including spatiotemporal variation
in selection even within a single population of prey.

In particular, several processes may lead to negative
frequency-dependent selection, facilitating the maintenance
of polymorphisms within populations (Svensson, Abbott
& Härdling, 2005; Olendorf et al., 2006). Foraging
predators must constantly balance the costs and benefits
of concentrating on prey they know to be profitable, or
sampling unfamiliar prey items, which could be more
valuable or potentially harmful. Optimal-sampling theory
predicts that these adaptive decisions will depend on the
likelihood that a prey item is defended, and the probability
that the predator will encounter this type of prey again.
In the context of warning coloration, it suggests that
rarer aposematic morphs should be avoided, as predators
learn about profitability from their past experiences of
more regularly encountered prey (Sherratt, 2011; Aubier
& Sherratt, 2015). Search-image formation, more-efficient
handling of commonly encountered prey, and the potential
costs of gathering information about the profitability of
unknown items will all encourage predation of common
forms (Skelhorn et al., 2016). Whether a predator will decide
to attack common defended prey will also depend on prey
toxicity within the community; for example, relatively weak
defences or few palatable alternatives will favour predation on
common aposematic forms, thus promoting polymorphism
(Greenwood et al., 1981).

The effect of predator community in different populations
may even override expectations based on positive
frequency-dependent selection. Yellow and white morphs
of male wood tiger moths occur at different frequencies
across Europe, but local morph frequency does not always
predict survival in artificial predation experiments. In one
study, predation of the two morphs varied according to the
community of bird species present, with yellow morphs being
more successful in communities dominated by Paridae (tits,
in Northern Europe), rather than Prunellidae, represented

by the dunnock Prunella modularis (Nokelainen et al., 2014).
This suggests that understanding the characteristics of the
relevant predator community may be the most important
means of predicting signal evolution. In a general framework,
modelling the evolution of a simple polymorphic prey
population, with two morphs differing in conspicuousness
and facing a mix of predators that differ in their tolerance
of the prey defences, demonstrates several possible outcomes
(Endler & Mappes, 2004). Depending on the proportion of
predators choosing to avoid the prey, the population may
become monomorphic for either the more or less visible
morph, or, if both predator types occur in similar numbers,
the polymorphism may be maintained. Experiments with
firebugs and wild-caught birds suggests that if a new colour
morph of a defended species appears within a population,
neophobia alone is unlikely to overcome purifying selection
and enable the persistence of the new form (Exnerová
et al., 2006). However, evolutionary modelling suggests
that a combination of dietary wariness, interacting with
overall predation risk and signal conspicuousness will favour
diversity in warning signals within populations, with or
without frequency-dependent selection (Franks & Oxford,
2009). Moreover, the results of simulations based on selection
regimes observed in polymorphic species such as Cepaea land
snails, Oophaga poison frogs, Sonora snakes and Heliconius
butterflies suggest that differences in the range of predators,
operating in small local populations or across multiple
populations at a regional scale, can promote a mosaic of
polymorphisms in prey, without invoking any additional
mechanisms favouring diversity (Holmes, Grundler & Davis
Rabosky, 2017). Multiple ways in which predators and
predator communities may differ can thus ultimately affect
selective pressures leading to diversity in warning coloration.

V. THE MULTIFUNCTIONALITY OF
APOSEMATIC SIGNALS

While predation is – by definition – the selective pressure
driving aposematism, warning coloration is also subject to
many other, potentially antagonistic, factors. These can be
abiotic or biotic, the latter including both intraspecific and
interspecific interactions. Several, such as thermoregulation
and sexual selection, are already well studied in the context
of warning-signal polymorphism and polytypism, while
others, including parental and early-life effects, have only
recently been recognised as potential factors generating and
maintaining variation in coloration. Such selection pressures
may be complementary to predation, augmenting its effect
on aposematic phenotype, or alternatively may oppose the
effect of the selective pressure of predation, producing
more than one phenotypic optimum and enabling signal
variation. These conflicting selection pressures can influence
the abundance of different, genetically determined, morphs
among populations and within a population (polymorphism),
specific morph expression (polyphenism), and also more
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continuous colour variation within morphs (e.g. variation in
conspicuousness; Figs 1 and 2).

(1) Abiotic selection pressures

(a) Temperature and melanism

One clear example of a trait that is important for multiple
aspects of an organism’s fitness is melanisation. Melanin
creates the black patterns seen in many of the classic
aposematic signals across multiple taxa, from insects to
mammals, as well as underlying the structural, iridescent,
colours recently shown to act as aposematic signals in many
bugs and beetles (Fabricant et al., 2013; Fabricant et al., 2014).
The pigment also increases an organism’s ability to absorb
radiation (Clusella-Trullas, van Wyk & Spotila, 2007; Hetem
et al., 2009) providing fitness benefits for individuals in cooler
environments through improved thermoregulation (de Jong,
Gussekloo & Brakefield, 1996). However, while increased
melanisation provides fitness benefits for aposematic species
in some instances (Clusella-Trullas et al., 2007; Lindstedt,
Lindström & Mappes, 2009b), it also has associated costs.
Melanic pigmentation often forms a key part of aposematic
coloration, yet recent evidence suggests the contrast between
a signal and its background (dictated by the chromatic
component of the signal) as opposed to internal contrast,
is the more important determinant of aposematic signal
detectability (Arenas, Troscianko & Stevens, 2014). This
may help to explain the much higher level of predation risk
associated with melanism in aposematic species (Hegna et al.,
2013; Arenas, Walter & Stevens, 2015).

The trade-off between the positive/thermoregulatory
benefits and negative/predation-risk costs of melanisation
are well explored in aposematic species in relation to
temperature (e.g. Arctia plantaginis; Hegna et al., 2013).
Variation in temperature is known to contribute to within-
morph plastic adjustment of the levels of melanism in
warning signals, for example spot-size in ladybirds (Michie
et al., 2010, 2011), contributing to continuous variation in
signal expression within and among populations. Seasonal
fluctuations in temperature and changes in predation (see
Section IV) likely promote melanism-based polymorphism
within populations of aposematic species. Even when the
predation costs associated with the pigment are high,
asymmetrical mate preferences, such that more-melanic
individuals have higher mating success, may contribute
to the persistence of melanic morphs within populations
(Saino et al., 2013; Culumber et al., 2014; Mishra & Omkar,
2014). The relative abundance of these melanic morphs
within a population also increases with the benefits of
improved thermoregulation (i.e. decreasing temperature),
leading to both altitudinal and latitudinal clines in morph
abundance (Clusella-Trullas et al., 2007). For example, the
proportion of melanic morphs in populations of the two-spot
ladybird (Adalia bipunctata) is greater in higher, and therefore
colder, latitudes (Brakefield, 1984) and these clines in morph
abundance have been shown to alter in response to climate
change (de Jong & Brakefield, 1998).

Melanin also has benefits associated with ultraviolet
(UV) protection (Ortonne, 2002), immunocompetence
(Dubovskiy et al., 2013), and desiccation (King & Sinclair,
2015) and its abundance is plastically adjusted in response
to increases in these challenges (Wilson et al., 2001; Abram
et al., 2015; Välimäki et al., 2015). Variation in these factors
may act, like temperature, to enable the persistence of
variation in the abundance of melanic morphs across
spatial (polytypism) and temporal (polymorphism) scales.
The selection landscape determining both the abundance
of melanic morphs within aposematic populations and the
degree of melanism within morphs themselves will thus
consist of multiple competing selection pressures, beyond
simply temperature and predation risk.

(b) Resource availability

The production of warning signals requires adequate
resources to deal with the associated cost of signal production,
both the overall increase in energy expenditure and the
associated oxidative stress burden (McGraw, 2005; Galván
& Alonso-Alvarez, 2008; Blount et al., 2009), and in many
cases specific access to dietary pigments such as carotenoids
(Blount et al., 2012). Experiments in red-eyed tree frogs
(Agalychnis callidryas), a non-aposematic species, have shown
that the amount of carotenoid pigments available at critical
times during development influences the redness of their
dorsum (Ogilvy, Preziosi & Fidgett, 2012). Signal expression
in aposematic species is therefore likely to be strongly
influenced by the availability and quality of food, particularly
during early development (Monaghan, 2008; Blount et al.,
2009). Research indicates that this most commonly occurs in
terms of variation in morph conspicuousness (i.e. saturation
and luminance; Blount et al., 2012) as opposed to the dietary
determination of differently coloured morphs observed
in the camouflaged caterpillars of numerous lepidoptera
species (Greene, 1989; Fink, 1995). High-quality diets during
development can lead to the production of larger, brighter,
and more colourful warning signals compared to low-quality
diets (Grill & Moore, 1998; Ojala et al., 2007; Lindstedt
et al., 2009a). The way that individual foraging areas and
populations map onto the landscape of differing resource
availability is likely to determine the scale at which the
consequent variation in conspicuousness occurs, such as
among individuals (continuous within-morph variation) or
among populations, for example along a resource gradient
(polytypism). Furthermore, early-life diet does not always
affect warning coloration (Grill & Moore, 1998; Flores et al.,
2013), the relationship between the two is likely complicated
by the fact that warning coloration advertises an associated
defence (Poulton, 1890; Summers et al., 2015).

(c) The resource-allocation hypothesis and quantitative honesty

The nature of the relationship between an aposematic signal
and defence is complex and likely to play a role in the way
resource availability shapes aposematic signal variation,
especially within-morph variation in conspicuousness. While
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aposematic species are inherently qualitatively honest, they
may not necessarily be quantitatively honest (i.e. show a
positive relationship between the level of signal and the level
of defence). For example, positive relationships between
conspicuousness and toxicity have been identified in a
number of species [e.g. ladybird beetles (Bezzerides et al.,
2007; Blount et al., 2012; Arenas et al., 2015) and paper wasps
(Vidal-Cordero et al., 2012)]. However, the association is not
universally positive, with negative correlations between levels
of signal and defence identified across sexes or populations of
the same species (Daly & Myers, 1967; Wang, 2011; Blount
et al., 2012). Furthermore, in some groups it seems that
related species can reach approximately equal protection
from predators with multiple different signal–toxin strategies
(Darst, Cummings & Cannatella, 2006). A number of theories
have been proposed to explain these differences (compre-
hensively reviewed by Summers et al., 2015). Research on
the availability of resources, those used for coloration and
preventing autotoxicity (antioxidants), has provided a feasi-
ble mechanism: the ‘resource-allocation hypothesis’ (Blount
et al., 2009). In this model, coloration and chemical defence
both utilise antioxidants which are commonly acquired from
the diet. Thus, individuals have to balance investments in
the signal and defence, or deal with a trade-off between
investing in the signal or the defence (Blount et al., 2009).
The model predicts that when resources are low individuals
will signal honestly, whereas under high resource conditions
quantitative honesty would degrade as individuals would
preferentially invest in defence over warning coloration.
These predictions indicate that the influence of spatial or tem-
poral variation in resource availability upon warning-signal
conspicuousness is unlikely to be consistently linear.

Empirical tests of the resource-allocation theory are scarce
however, and results equivocal in their support, showing that
resource variation can lead to both positive and negative rela-
tionships between signal and defence (Blount et al., 2012). The
predictions of theoretical models investigating how individ-
uals might invest in each component of an aposematic signal
when resources vary also differ, depending on whether the
model assumes that individual conspicuousness is an intrinsic
component of the defensive signal or can act as a stand-alone
defensive trait (Blount et al., 2009; Holen & Svennungsen,
2012; Summers et al., 2015). The latter refers to a scenario
where the warning coloration alone elicits wariness or acts
as a deterrent against predators through its conspicuousness
or novelty (Guilford, 1994). Alternatively, other work has
suggested that the honesty of aposematic signals is not medi-
ated by the cost of production, but instead by costs imposed
by predators, because predators are able to determine levels
of protection rapidly while sampling potential prey (Guilford
& Dawkins, 1995; Hurd & Enquist, 2005). It is therefore
clear that whether individuals respond to increased resource
availability with a concomitant increase in warning-signal
conspicuousness will depend on the mechanisms of honesty
enforcement at work. Further work to clarify the mecha-
nisms determining the honesty of signalling in aposematic
species (Summers et al., 2015) will therefore aid predictions

about how spatial and temporal variation in resources
will influence within- and between-population variation in
conspicuousness.

(2) Biotic selection pressures

(a) Disease and parasite load

As the influence of resource availability on warning signals
demonstrates, animal coloration is strongly influenced by
factors that affect an individual’s condition (Griffith, Parker
& Olson, 2006). Disease and parasite load both negatively
influence condition and consequently can lead to trade-offs
between immune function and signal expression (McGraw
& Hill, 2000). For example, increased parasite load leads
to generally duller coloration in fish and birds of both
sexes (Martínez-Padilla et al., 2011; Ciccotto, Dresser &
Mendelson, 2014). Currently it is uncertain how such
factors may influence aposematic signals specifically, but
based on the shared physiological basis of aposematic and
non-aposematic coloration (e.g. sexual signals), it is possible
that a similar ‘condition-dependent’ relationship may occur
(Blount et al., 2009).

How the melanic component of aposematic coloration
will be influenced by parasites and disease is unlikely to be
clear cut. In common with coloured parts of warning signals,
the production of melanin has various associated costs which
may lead to trade-offs between the production of melanin
for pigmentation and immune responses (Guindre-Parker &
Love, 2014). Under such a scenario, a negative relationship
between melanin pigmentation and disease or parasite load
can occur (Cotter et al., 2008; Gangoso et al., 2011) and may
result in polytypisms if these loads vary spatially. However the
association between melanisation and resistance to pathogens
is not straightforward; for example, in invertebrates, cuticle
melanisation acts directly in the protection of individuals
from pathogens (Dubovskiy et al., 2013). Melanic pigmen-
tation is also highly heritable in both invertebrates and
vertebrates (Roff & Fairbairn, 2013; Roulin & Ducrest, 2013).
It has been suggested that in many species the association
between melanic coloration and a suite of disease-resistance
characteristics is a consequence of linkage disequilibrium
and/or pleiotropy (Roulin, 2016). The result is differential
life-history strategies between more- and less-pigmented indi-
viduals of the same species, the associated fitness of which is
environmentally dependent (Emaresi et al., 2014).

The preference of parasites, particularly ovipositing
parasites such as parasitic wasps, for specific colour morphs
and for within-morph conspicuousness (or traits correlated
with within-morph conspicuousness) may act as alternative
selection pressures on warning coloration. Parasites may
prefer one colour morph over another, as is the case for
the aphid parasitoid wasp Aphidius ervi which preferentially
lays eggs in pea aphids, Acyrthosiphon pisum, of a colour
morph not favoured by predators (Losey et al., 1997). As
discussed previously, coloration in aposematic species may
be quantitatively linked to chemical defence (Summers
et al., 2015), levels of which have been linked to decreased
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(Weldon et al., 2006) and increased (Zvereva & Kozlov,
2016) parasitism risk, the latter being especially prevalent for
specialist parasites (Al Abassi et al., 2001). Chemical defences
have even been hypothesised to arise as a mechanism of
preventing parasitism, with subsequent predator avoidance
a secondary benefit (Weldon et al., 2006). This relationship
between colour and defence may be further complicated
by the fact that some chemical defences can also have
antimicrobial properties (Mina et al., 2015). It is therefore
conceivable that in areas with high risk of parasitism,
colour morphs or levels of conspicuousness less attractive to
parasitoids may be selected for, either through the parasites’
direct response to colour or their response to levels of the
strongly associated chemical defence. This may be especially
important if infection dramatically reduces host survival (e.g.
Dinocampus coccinellae; Maure et al., 2014).

In summary, disease has the potential to cause continuous
variation in the chromatic and achromatic parts of
an aposematic signal due to current infection, plastic
changes at the individual level where infection stimulates
increase in melanisation, and local adaptation via correlated
trait responses if coloration is linked to factors such
as immunocompetence and if the level of infection risk
varies spatially. Pathogens may also cause local extinctions,
or repeated bottlenecks, which can disrupt purifying
selection and maintain colour variation (Gordon, 2013;
Idris & Hassan, 2013). Meanwhile, parasitism is likely
to influence both morph abundance and within-morph
conspicuousness in populations of aposematic species. These
areas are ripe for exploration, and have huge potential for
contributing to the understanding of diversity in aposematic
coloration and the life-history trade-offs involved in its
determination.

(b) Interspecific interactions

Although predator–prey relationships dominate the study
of interspecies interactions, other forms can and do occur.
One such example is reproductive interference, i.e. sexual
interactions between members of different species (Gröning &
Hochkirch, 2008; Burdfield-Steel & Shuker, 2011). Since this
is, by definition, costly, mate discrimination and avoidance
of reproductive interference could constrain warning signals,
particularly in cases of mimicry, where effective mimicry
could have consequences for mate discrimination (Estrada
& Jiggins, 2008; but see Llaurens, Joron & Théry, 2014).
Thus, the purifying selection on colour and pattern imposed
by predators could be counteracted by the costs of sexual
or territorial harassment by heterospecifics. While this
phenomenon has not been investigated in aposematic
species, such harassment has been suggested to play
an important role in the maintenance of female colour
polymorphisms in odonates (Fincke, 2004, and references
therein). Because avoidance of conspecific harassment has
been shown to influence female colour in Batesian mimics
(Cook et al., 1994) this phenomenon may be worthy of further
research.

(c) Intraspecific interactions

( i ) Mate choice and parental effects. Mate choice can act
either to reinforce or to disrupt the selection imposed on
warning coloration by predators. The interaction between
warning signals and sexual selection can occur when
aposematic traits play a function in mate choice and
recognition, or when there is a trade-off between traits used in
mate acquisition and those involved in predator defence. As
anti-predator defence is a key survival trait, we would expect
that natural and sexual selection would work in tandem, with
better protected individuals also gaining advantages during
mating and reproduction, thus enforcing purifying selection
on warning coloration. However, when this is not the case
sexual selection may act to counter the effect of selection
imposed by predators, allowing for polymorphism and other
forms of warning-signal variation to arise (e.g. Cummings &
Crothers, 2013).

Sexual selection could also lead to sex-specific differences
in warning coloration. For example, increased brightness in
male poison frogs could be the result of female preference for
brighter males (Maan & Cummings, 2009; but see Meuche
et al., 2013). Whether such selection would lead to true
polymorphism in the eyes of predators depends on the
strength of the respective pressures, as well as the sensitivity of
the signalling system itself to evolutionary inputs. In the case
of poison frogs, the colour cues selected for by females (i.e.
brightness) may be different from those selected by predators
(i.e. hue). Indeed there is evidence that Heliconius and Melinaea
co-mimics show increased interspecies variation in colour
combinations that are less visible to their avian predators,
allowing for ‘cryptic’ signalling of species identity (Llaurens
et al., 2014) and similar patterns may exist for within-species
signalling. Alternatively, if the visual conspicuousness of both
sexes is already very high, any increases as a result of sexual
selection may have no effect on predator learning (Maan &
Cummings, 2009; Crothers & Cummings, 2013). Variation
in the strength of female preferences among populations
(e.g. Maan & Cummings, 2009) may create divergent
evolutionary trajectories in different populations, causing
polytypisms to arise, whilst assortative mating or local morph
preference can enable their persistence and even lead to the
exaggeration of morph differences. In such cases, warning
signals may constitute so-called ‘magic’ traits, as they are both
subject to ecological pressures from predators and contribute
to non-random mating, as is the case for many Heliconius
species (Merrill, Chia & Nadeau, 2014). Assortative mating
by morph may also occur if individuals in a population have
different anti-predator strategies. For example, associating
with a conspicuous individual may increase your own risk of
attack if you are cryptic (Segami Marzal et al., 2017).

In addition to assortative mating, disassortative mating,
where individuals prefer to mate with colour morphs
different from themselves, can also occur. For example,
in the polymorphic Heliconius numata females show a strong
aversion to mating with males of their own morph, preferring
instead males of a different morph to themselves. Thus, while
males of rare morphs may suffer increased predation risk,
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they will also have a higher mating success with females
of the common morph (Chouteau et al., 2017). This may
be the result of heterozygote advantage, which has been
suggested as a possible mechanism for the maintenance of
many polymorphisms (Hedrick, 2012).

However, warning signals may not always be indicators
of mate quality. Instead, there may be trade-offs between
traits related to predator defence and those that grant
higher mating success. In addition, while selection on
aposematic-signal colour patterns is expected to be positively
frequency dependent (see Section II), it could potentially
be opposed if negative frequency-dependent sexual selection
also acts on the signals. Evidence for both phenomena has
been found in the wood tiger moth. In this species white males
have less-effective warning signals (Nokelainen et al., 2012)
than the yellow morph they coexist with, but gain higher
mating success in white-biased populations, despite showing
no advantage over yellow males in offspring hatching success
(Gordon et al., 2015). This could be due to differences in flying
behaviour and mating effort (Rojas, Gordon & Mappes,
2015). Thus, frequency-dependent selection could allow
yellow and white males to co-exist, as whites compensate for
their higher predation rate through increased mating success.
Sexual selection may therefore allow for the maintenance
of polymorphism within populations, in particular if it leads
to, or is a consequence of, a trade-off between anti-predator
defence and mating success/fecundity.

While we naturally expect mate choice to influence
offspring aposematic phenotype via genetic inheritance,
transgenerational non-genetic effects are also likely to play
a role, especially in determining continuous within-morph
variation in warning coloration (Winters et al., 2014). It is
increasingly clear that offspring phenotype is influenced
non-genetically via maternal investment in response to
a multitude of abiotic and biotic variables present in
the offspring environment (Wolf & Wade, 2009; Day &
Bonduriansky, 2011). Mothers can alter offspring phenotype
in response to mate ‘quality’ (‘differential allocation’;
Ratikainen & Kokko, 2010) and reliable cues of the offspring
environment (‘anticipatory maternal effects’; Marshall &
Uller, 2007). In terms of mate choice, as mentioned above,
male warning coloration has been shown to be influential in
female mate choice in aposematic species (Nokelainen et al.,
2012; Mishra & Omkar, 2014). Theoretical and empirical
work suggest two likely responses, that females will either
increase investment in response to the brightness or colour
of male warning coloration (‘positive differential allocation’;
Sheldon, 2000; Horváthová, Nakagawa & Uller, 2012) or
decrease it (‘negative differential allocation’; Saino et al.,
2002; Bolund, Schielzeth & Forstmeier, 2009). Recent work
provides the first evidence that such a phenomenon may
take place, with female Adalia bipunctata laying brighter
eggs when mated with brighter males (Paul et al., 2018).
This is important as offspring aposematic phenotype in
early life can persist into adulthood (Winters et al., 2014)
and such differential allocation could therefore facilitate
the perpetuation of variation in male warning coloration

through subsequent generations. However, it is worth noting
that work on differential allocation has also shown that
a female’s reproductive response to signals of male ‘quality’
varies with female age and phenotype (Sheppard et al., 2013).
Combined with other effects linked to maternal phenotype,
condition, or maternal response to the offspring environment,
this differential maternal investment in response to male
phenotype is likely to lead to a mosaic of continuous
colour variation within and among populations of aposematic
species.

( ii ) Social signals and competition. If warning signals can
be used as signals during mate choice, and there is evidence
that they can, they may also play a role in other forms of
intraspecific interactions such as male–male competition,
dominance and territorial disputes. While there are many
studies that show the importance of visual signals in
such interactions [see Shreeve, 1987, Setchell & Wickings,
2005, López-Idiáquez et al., 2016 for examples], few have
considered aposematic species. One example comes from
work on male–male competition in the frog O. pumilio;
male brightness affected both their own behaviour and the
behaviour of other males towards them. Brighter focal males
were more likely to approach intruders to their territory,
and brighter intruders elicited more calls and approaches
than dull ones (Crothers, Gering & Cummings, 2011). This
suggests that continuous variation in male brightness may be
a conditional signal in this species, and that male–male
aggression may play a role in its maintenance within
populations.

Intraspecific warning signals may also occur when
conspecifics can benefit from signalling their presence
to others, and by heeding such signals. This may arise
when competition between conspecifics is particularly costly.
Possible examples include larval coloration signalling the
presence of existing larvae on potential host plants to
ovipositing females in order to reduce larval cannibalism
in the pipevine swallowtail butterfly Battus philenor (Papaj
& Newsom, 2005) and bright colours in male damselflies
signalling their presence to other males in order to reduce
male–male mating attempts during scramble competition
(Sherratt & Forbes, 2001). While intriguing, honest
communication of this sort seems unlikely to result in signal
polymorphism, as it should also favour a single signal. If
however, signals are dishonest, with signallers attempting to
deceive the conspecific receivers, then there is the potential
for red queen/chase away selection dynamics to unfold,
similar to those that may occur during Batesian mimicry.
Dishonest intrasexual signalling has been suggested as a
potential reason for females displaying male-like coloration,
as this deceives mate-searching males and reduces male
harassment in butterflies (Cook et al., 1994) and damselflies
(Hammers & Van Gossum, 2008).

As well as increased competition for resources, high
conspecific density is linked to increased detectability by
predators (Riipi et al., 2001). In aposematic species such
aggregations actually augment signal strength and thus
predator deterrence (Finkbeiner, Briscoe & Reed, 2012;
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Rowland, Ruxton & Skelhorn, 2013), changing the costs and
benefits of large conspecific densities. This is reflected in the
developmental ‘phase shift’ of the desert locust (Schistocerca
gregaria). Coloration in these toxic locusts changes from a
cryptic phenotype to an aposematic yellow and black when
raised at high conspecific densities (Sword, 1999). This shift in
anti-predator strategy is a response to the increased likelihood
of detection by predators when the cryptic locusts are in
large aggregations. Predators learn to associate prey with
toxicity more quickly when they are conspicuous rather than
cryptic (Sword et al., 2000) and the detection costs of warning
coloration are diminished by gregariousness (Gamberale &
Tullberg, 1998; Riipi et al., 2001). Conspecifics can therefore
influence not only within- but between-morph variation in
aposematic signalling.

(d ) Age-structured populations and senescence

Although not an alternative selection pressure per se, the
conspicuousness of warning signals might also be expected
to change over the lifetime of an individual, closely
tracking major physiological changes resulting from processes
such as reproduction and senescence (Booth, 1990b). For
example, when warning coloration has a dual role as a
predator deterrent and mate attractant, there might be
an increase in signal strength during the mating season
(Örnborg et al., 2002; Pérez-Rodríguez, 2008). Reproduction
is also costly and adult condition is often poorer post-,
relative to pre-breeding (Stearns, 1992; Monaghan, Metcalfe
& Torres, 2009). Such a decrease in condition may
potentially have consequences for the conspicuousness or
‘quality’ of an individual’s aposematic signal, especially
in longer-lived species with multiple reproductive bouts
(Velando, Drummond & Torres, 2010). Senescence, on
the other hand, is strongly linked to a general decline in
phenotype (Rose, 1991), and the strength of aposematic
signals may become less effective with age in the same way
as other colour signals, for example the blue feet of male
blue-footed boobies Sula nebouxii (Torres & Velando, 2007),
the yellow bibs of the common yellowthroat Geothlypis trichas
(Freeman-Gallant et al., 2011), and the wings of the orange
sulphur butterfly Colias eurytheme (Kemp, 2006).

The effects of reproduction on coloration also vary
according to an individual’s age and sex, leading to a mosaic
of colour expression within a population resulting from
individual variation in sex, age class, and reproductive status
(Evans, Gustafsson & Sheldon, 2011; Grunst, Rotenberry
& Grunst, 2014). Furthermore, holometabolous insects such
as Lepidoptera naturally show dramatic changes in form as
well as coloration throughout their lifetime (Booth, 1990b),
and more subtle changes in coloration are common in
hemimetabolous insects, such as true bugs, between different
nymphs and adult forms. Incorporate the aforementioned
genetic correlations between warning signals at different life
stages, or warning signals and other life-history traits, and the
picture becomes even more complex (Lindstedt et al., 2016).
An explicit test of the effects of reproduction and senescence
on warning coloration variation and efficiency, also taking

into consideration possible genetic correlations, is therefore
needed. This would then enable us to ascertain whether
similar patterns occur in populations of aposematic species
and therefore if variation in age class within a population
contributes to individual variation in conspicuousness.

It is clear therefore that there are myriad different
selective pressures with the potential to influence the warning
signals of aposematic species, some of which have already
been empirically demonstrated to be important, and others
worthy of further research. These sources of influence may
act in ways that can be diametrically opposed to, or act
synergistically with, predation pressure (Table 1). These
‘alternative’ selection pressures are most likely to produce and
maintain warning signal diversity if they: (i) produce negative
frequency-dependent selection favouring rare morphs (for
example those described in Heliconius by Chouteau et al.,
2017), or (ii) act in combination with heterogeneous selection
imposed by predators (as described in Section IV) to
produce different optimal phenotypes either within or
among populations. In the latter case, the resulting selection
landscape and associated phenotypic optima are also likely
to vary over space and time, further slowing phenotypic
convergence and allowing within-population signal diversity
to persist for longer. For example, temperatures will vary
not only among habitats but also depending on climatic
and seasonal timescales, and selection pressures associated
with mate choice will vary in intensity throughout the year,
especially in those species with distinct breeding seasons.
It is vitally important that future work investigating the
role of these selection pressures in producing warning-signal
variation incorporates their potential interaction, both with
each other and with predators (e.g. temperature and either
predator motivation or intraspecific aggression). It seems
only rational to predict that such a movement away from the
consideration of selection pressures on warning coloration
in isolation is likely to result in a better understanding
of the complex patterns of signal variation seen in
nature.

VI. TAXONOMIC OCCURRENCE OF
WARNING-SIGNAL POLYMORPHISM

In our search for variation in aposematic signals, we found
examples in nearly every taxon in which we find aposematism
(see online Table S1), suggesting that variation in warning
signals is far more widespread than previously appreciated.
Despite this taxonomic diversity, a disproportionate amount
of research effort has focused on a limited number of
taxa, most notably Lepidoptera (especially the Neotropical
Heliconius) and, to a lesser extent, the dendrobatid poison
frogs. While this has enabled researchers to delve deeply
into the various mechanisms producing patterns of variation
within these species, it is unclear whether their findings
generalise to other taxonomic groups.

Aposematic research has, for the past century, focused
predominantly on terrestrial insects and their avian
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Table 1. Summary of key factors facilitating the maintenance of different levels of variation within and among aposematic species.

Factor Effect Predicted form of signal variation

Variation among
predators

(1) Broad-scale differences in physiology (differences in
sensory capacities, toxin tolerance and cognition) and
behaviour among species and populations of predators

Polytypism; polymorphism if predators are structured
across microhabitats; continuous variation;
seasonal variation

(2) Differences in predator experience among species,
populations, and temporally within populations

Polytypism; polymorphism if predators are structured
across microhabitats; seasonal variation

(3) Small-scale differences in physiology and behaviour
among individuals, linked to motivation or individual
experience

Would relax purifying selection, potentially allowing
polymorphism or continuous variation

Temperature Lower temperatures favour melanic components of
warning signals, whereas predation selects against
melanic morphs

Polytypism; polymorphism; continuous variation
across populations along altitudinal or latitudinal
gradients; continuous variation within populations
(linked to microclimate during development);
polyphenism/seasonal variation

UV damage Increased UV risk favours melanic components of
warning signals, whereas predation selects against
melanic morphs

Polytypism; polymorphism; continuous variation
across populations along altitudinal or latitudinal
gradients; continuous variation within populations
(linked to microclimate during development);
polyphenism/seasonal variation

Desiccation Increased desiccation risk favours melanic components
of warning signals, whereas predation selects against
melanic morphs

Polytypism; polymorphism; continuous variation
across populations along altitudinal or latitudinal
gradients; continuous variation within populations
(linked to microclimate during development);
polyphenism/seasonal variation

Resource
availability

Availability of resources influences investment in
warning coloration, often via effect on signalling
honesty

Continuous variation within or among populations;
polytypism

Disease and
parasite load

(1) Effect of infection on individual condition Continuous variation within or among populations

(2) Stimulation of melanisation by infection or trade-offs
between use of melanin for pigmentation or infection
resistance

Continuous variation within or among populations

(3) Correlated trait responses if coloration is linked to
factors such as immunocompetence or parasitism risk

Polytypism; polymorphism; polyphenism

(4) Pathogen-driven local extinctions, or repeated
bottlenecks, which disrupt purifying selection and
maintain colour variation

Polytypism; polymorphism

Intraspecific
signalling

Warning colours may also serve as social cues, for
example of quality or social status

Polymorphism; sexual dichromatism; continuous
variation within populations

Density and
aggregation

Density of aposematic species can alter selective
landscapes, particularly the influence of
frequency-dependent selection imposed by predators.
Aggregation of aposematic species can have a similar
effect (and play into predator psychology to decrease
the likelihood of an attack).

Polytypism; polymorphism; polyphenism

predators, possibly due to the tractability of these systems.
However, examples of aposematic colour and pattern
variation in other taxa such as birds (Dumbacher et al., 1992,
2008) and mammals (Hunter, 2009; Stankowich, Caro &
Cox, 2011; Caro et al., 2013) have more recently been
revealed. Warning-signal variation in several marine species
has also begun to be investigated (Hanlon & Messenger,
1998; Cortesi & Cheney, 2010; Winters et al., 2017),

although the aposematic function of conspicuous coloration
in aquatic environments has been questioned. This is due
to limited light availability, poorly known predator visual
systems and predator–prey interactions, and the lack of
known defence mechanisms for many brightly coloured
organisms in the marine environment (Pawlik, 2012). It is
probably in the non-animal kingdoms where aposematism
has received the least attention, despite reported examples
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in plants (e.g. Cahn & Harper, 1976; Karageorgou,
Buschmann & Manetas, 2008; Lev-Yadun, 2009) and even
fungi (Sherratt, Wilkinson & Bain, 2005). There is therefore
a need for more comparative studies on different taxa with
robust phylogenies and detailed ecological information in
order to address the ultimate causes of signal variation
across taxa. Furthermore, utilising other systems parallel
to the traditional terrestrial avian–insect interactions, for
example, terrestrial plant–herbivore or marine food webs,
may well provide new insights into the selective pressures
and commonalities creating aposematic variation.

VII. CONCLUSIONS

(1) While predator-enforced selection on aposematic
species appears to favour signal monomorphy in some
cases, a growing appreciation of animal sensory systems
and of the complexity of predator psychology in particular
is challenging the concept of the predator community as a
single invariant selective agent.

(2) Investigations of continuous variation or polymor-
phisms in aposematic species should first assess whether
and to what extent the differences between individual sig-
nals actually impact predation risk. The perceptual abilities
and responses of relevant predators, natural conditions and
the microhabitat structure shaping encounter rates between
predators and prey are especially important considerations.

(3) Equally as important, a variety of biotic and abiotic
selection pressures experienced by aposematic species can
contribute to warning signal variation within and among
populations, and may potentially act antagonistically or
synergistically with predator selection (summary in Table 1).
Testing the relevance of visual signals to other behaviours,
such as mate choice or thermoregulation, as informed by the
natural history of the study species, will help piece together
a more complex picture of the selective landscape driving
signal variation.

(4) Moving forward, the field of aposematism should step
away from the paradigm that warning signals are entirely
determined by a uniform class of predators (generally birds),
and instead consider both the strength of selection imposed
by predators and alternative selective forces. Future work on
aposematic species should adopt a more holistic approach
to understanding colour and pattern, applying the tools of
behavioural ecology, physiology and genetics to assess the
relative power of predation versus other selective pressures in
producing specific phenotypes.

(5) Broadening the taxonomic spread of research on
warning signals and focusing on less well-studied systems,
encompassing different types of predators, would also help
build a more comprehensive picture of the selective pressures
determining variation in aposematism.

(6) Despite an overwhelmingly narrow research focus on
predation pressures as the primary determinant of warning
coloration, aposematism is affected by a range of forces, of
which predation may not necessarily always be the most

important. At the outset of this review we asked whether
variation in warning coloration is a paradox or if it is the
norm. It appears to be both; it is a paradox from the historical
perspective that defines aposematic pressures via purifying
selection enforced by predators, and the norm if we consider
the empirical data and alternative selective pressures facing
these species.
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Gröning, J. & Hochkirch, A. (2008). Reproductive interference between animal
species. The Quarterly Review of Biology 83, 257–282.

Grunst, A. S., Rotenberry, J. T. & Grunst, M. L. (2014). Age-dependent
relationships between multiple sexual pigments and condition in males and females.
Behavioral Ecology 25, 276–287.

Guilford, T. (1994). Go-slow signalling and the problem of automimicry. Journal of
Theoretical Biology 170, 311–316.

Guilford, T. & Dawkins, M. S. (1991). Receiver psychology and the evolution of
animal signals. Animal Behaviour 42, 1–14.

Guilford, T. & Dawkins, M. S. (1995). What are conventional signals? Animal
Behaviour 49, 1689–1695.

Guindre-Parker, S. & Love, O. P. (2014). Revisiting the condition-dependence of
melanin-based plumage. Journal of Avian Biology 45, 29–33.

Halpin, C. G., Skelhorn, J. & Rowe, C. (2012). The relationship between sympatric
defended species depends upon predators’ discriminatory behaviour. PLoS One 7,
e44895.

Halpin, C. G., Skelhorn, J. & Rowe, C. (2014). Increased predation of
nutrient-enriched aposematic prey. Proceedings of the Royal Society B: Biological Sciences
281, 20133255.

Halpin, C. G., Skelhorn, J., Rowe, C., Ruxton, G. D. & Higginson, A. D. (2017).
The impact of detoxification costs and predation risk on foraging: implications for
mimicry dynamics. PLoS One 12, e0169043.

Hammers, M. & Van Gossum, H. (2008). Variation in female morph frequencies and
mating frequencies: random, frequency-dependent harassment or male mimicry?
Animal Behavior 76, 1403–1410.

Hanlon, R. T. & Messenger, J. B. (1998). Cephalopod Behaviour. Cambridge University
Press, Cambridge.

Hedrick, P. W. (2012). What is the evidence for heterozygote advantage selection?
Trends in Ecology & Evolution 27, 698–704.

Hegna, R. H., Nokelainen, O., Hegna, J. R. & Mappes, J. (2013). To quiver or
to shiver: increased melanization benefits thermoregulation, but reduces warning
signal efficacy in the wood tiger moth. Proceedings of the Royal Society B: Biological Sciences
280, 20122812.

*Hegna, R. H., Galarza, J. A. & Mappes, J. (2015). Global phylogeography
and geographical variation in warning signals of the wood tiger moth (Parasemia
plantaginis). Journal of Biogeography 42, 1469–1481.

Heliconius Genome Consortium (2012). Butterfly genome reveals promiscuous
exchange of mimicry adaptations among species. Nature 487, 94–98.

*Hensel, J. L. & Brodie, E. D. (1976). An experimental study of aposematic
coloration in the salamander Plethodon jordani. Copeia 1, 59–65.

Hetem, R. S., de Witt, B. A., Fick, L. G., Fuller, A., Kerley, G. I. H.,
Meyer, L. C. R., Mitchell, D. & Maloney, S. K. (2009). Body temperature,
thermoregulatory behaviour and pelt characteristics of three colour morphs of
springbok (Antidorcas marsupialis). Comparative Biochemistry and Physiology A: Molecular and
Integrative Physiology 152, 379–388.

*Hines, H. M., Counterman, B. A., Papa, R., Albuquerque, P., Moura, D.
& Cardoso, M. Z. (2011). Wing patterning gene redefines the mimetic history of
Heliconius butterflies. Proceedings of the National Academy of Sciences of the United States of
America 108, 19666–19671.

*Hines, H. M. & Williams, P. H. (2012). Mimetic colour pattern evolution in the
highly polymorphic Bombus trifasciatus (Hymenoptera: Apidae) species complex and
its comimics. Zoological Journal of the Linnean Society 166, 805–826.

Hodek, I. E., van Emden, H. F. & Honek, A. (2012). Ecology and Behaviour of the
Ladybird Beetles (Coccinellidae). John Wiley & Sons, Chichester.

*Hofmann, A. F. & Tremewan, W. G. (2017). The natural history of burnet moths,
(Zygaena Fabricius, 1775) (Lepidoptera: Zygaenidae), part I. Proceedings of the Museum
Witt Munich 6, 1–631.

Holen, Ø. H. & Svennungsen, T. O. (2012). Aposematism and the handicap
principle. The American Naturalist 180, 629–641.

Holmes, I. A., Grundler, M. R. & Davis Rabosky, A. R. (2017). Predator
perspective drives geographic variation in frequency-dependent polymorphism. The
American Naturalist 109, E78–E90.

*Horn, G. H. (1889). A synopsis of the Halticini of Boreal America. Transactions of the
American Entomological Society and Proceedings of the Entomological Section of the Academy of
Natural Sciences, 16, 163–320.
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S., Abanto, M., Bermingham, E., Humphray, S. J., Rogers, J., Beasley, H.,
Barlow, K., Ffrench-Constant, R. H., Mallet, J., McMillan, W. O. &
Jiggins, C. D. (2006). A conserved supergene locus controls colour pattern diversity
in Heliconius butterflies. PLoS Biology 4, 1831–1840.

*Kahn, T. R., La Marca, E., Lotters, S., Brown, J. L., Twomey, E. &
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Pérez-Rodríguez, L. (2008). Carotenoid-based ornamentation as a dynamic but
consistent individual trait. Behavioral Ecology and Sociobiology 62, 995–1005.

Perrard, A., Arca, M., Rome, Q., Muller, F., Tan, J., Bista, S., Nugroho, H.,
Baudoin, R., Baylac, M., Silvain, J. F., Carpenter, J. M. & Villemant, C.
(2014). Geographic variation of melanisation patterns in a hornet species: genetic
differences, climatic pressures or aposematic constraints? PLoS One 9, e94162.

*Pilgrim, E. M., Williams, K. A., Manley, D. G. & Pitts, J. P. (2009). Addressing
the Dasymutilla quadriguttata species-group and species-complex (Hymenoptera:
Mutillidae): several distinct species or a single, morphologically variable species?
Kansas Entomological Society 82, 231–249.

Plowright, R. C. & Owen, R. E. (1980). The evolutionary significance of bumblebee
colour patterns: a mimetic interpretation. Evolution 34, 622–637.

Poulton, E. (1890). The Colours of Animals: Their Meaning and Use, Especially Considered in
the Case of Insects. Paul, Trench, Trübner & Co Ltd, London.
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Abstract: Light is arguably the most important abiotic factor for living organisms. Organisms evolved
under specific lighting conditions and their behavior, physiology, and ecology are inexorably
linked to light. Understanding light effects on biology could not be more important as present
anthropogenic effects are greatly changing the light environments in which animals exist. The two
biggest anthropogenic contributors changing light environments are: (1) anthropogenic lighting
at night (i.e., light pollution); and (2) deforestation and the built environment. I highlight light
importance for butterfly behavior, physiology, and ecology and stress the importance of including
light as a conservation factor for conserving butterfly biodiversity. This review focuses on four parts:
(1) Introducing the nature and extent of light. (2) Visual and non-visual light reception in butterflies.
(3) Implications of unnatural lighting for butterflies across several different behavioral and ecological
contexts. (4). Future directions for quantifying the threat of unnatural lighting on butterflies and
simple approaches to mitigate unnatural light impacts on butterflies. I urge future research to include
light as a factor and end with the hopeful thought that controlling many unnatural light conditions is
simply done by flipping a switch.

Keywords: anthropogenic factors; light pollution; polarized light; sensory pollution

1. Introduction

Over the last two hundred years, humans have dramatically changed the lighting conditions on
Earth [1,2]. This change in lighting includes anthropogenic lights during the night, anthropogenic fires
and gas flares, as well as the destruction of habitats that produced distinct light environments [3–5].
In fact, nearly all protected areas across the world have had an increase in night time lighting since
1992 [6,7], and it is estimated that over eighty percent of humans live under light polluted skies [2].
Furthermore, 65% of tropical Asian and Sub-Saharan African forests have been lost, whereas only
10% of Mediterranean forests remain, and 36% of tropical rainforests have been destroyed [8]. Of the
remaining forests on our planet, 70% are one kilometer from an edge [9]. Thus, the natural light
conditions that forest canopy provide have been greatly reduced by human activities [9]. This alarming
change in natural lighting conditions has direct ecological consequences including loss of biodiversity
and risk of species extirpation and extinction [10–13].

Previous research has documented the effects of changes to natural light conditions on wildlife
ranging from changes in predation, reproduction, phenology, migration and orientation, community
level interactions, behavior, communication, and physiology [10,13–17]. However, our understanding
of how changes in natural light conditions affect butterfly behavior and conservation status remains
largely unknown. Here, I introduce the problem of unnatural lighting, both diurnal (habitat
destruction and change) and nocturnal (anthropogenic lighting), in the context of butterfly ecology and
conservation. I then review what is known about the importance of light for butterflies across myriad
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biological functions ranging from, but not limited to, phenology, orientation, foraging, predator-prey
interactions, and reproduction. Lastly, I introduce a framework for furthering our understanding of the
effects of unnatural lighting on butterflies and the steps to mitigate unnatural lighting on butterflies.
As butterflies are a “charismatic” fauna, focusing on conserving natural light conditions in the context
of preserving butterfly biodiversity may be an excellent way to conserve natural light conditions for all
species including the less “charismatic” species like bats and moths, which may be more vulnerable.

2. Nature and Extent of Light

Natural light conditions are dependent upon time, space, and environmental factors [5,18].
Light conditions change throughout the day, night and year. Lighting is also dependent upon the
landscape (e.g., forest vs. savannah), weather, lunar cycle and celestial bodies. Furthermore, lighting is
complicated by its own physical properties which include wavelength, frequency, polarization, hue,
chroma, and intensity [19]. It is vital that lighting is studied with all of these parameters in mind as
biological functions have evolved under specific lighting conditions that depend upon time, space,
weather, and the spectral properties of light.

2.1. Physical Parameters of Light

What is light? Light is part of the electromagnetic spectrum and can be understood as a stream
of photons and a collection of electromagnetic waves, see [19]. Photons have only three properties:
frequency, wavelength, and polarization. Wavelength and frequency are inversely proportional and in
biology, wavelength is the main property that is used to describe the perceived color of the photon, as
most studies focus on eyes absorbing specific wavelengths of photons [19]. Polarization, at its simplest,
can be defined as the direction of the wave of light (see [19] for an excellent technical discussion of
polarization). However, it is very rare that an isolated photon has biological context and in most
cases, we as biologists study spectra comprised of billions of photons. These spectra are histograms
of photons of light over a range of wavelengths, usually 300 nm to 700 nm as most organisms have
visual abilities within this range [19,20]. Spectra have their own properties and can be described by the
parameters: brightness, hue, chroma, and polarization [19], see Box 1 and Figure 1. Briefly, brightness
is usually the total amount of photons comprising the spectra and can be measured by taking the
integral of the spectral curve [21]. Hue describes the color of the spectra and is usually measured
with the peak wavelength [21]. Chroma describes the saturation or ‘peakiness’ of the spectra and is
usually measured as a ratio of different bins of the spectrum [21]. For example, a monochromatic red
light is highly chromatic whereas pink is less chromatic and white has little chroma (see Figure 1).
It is important to note that there are many different metrics for these parameters and for a detailed
description of color metrics, see [21]. Lastly, polarization is not calculated from spectra, but instead is
measured using polarizing filters or waveplates, see [22,23].
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Figure 1. Properties of light. (A) Graphic illustration of two different spectra with respective color
metrics. The blue spectrum has a peak wavelength of 420 nm whereas the red spectrum has a peak
wavelength of 620 nm. Thus, the hue of the blue spectrum is 420 nm and the hue of the red spectrum is
620 nm. The blue spectrum spans a shorter range of the spectrum and thus is more chromatic than the
broader red spectrum. The shading under each spectrum represents overall brightness and as the red
spectrum is larger than the blue spectrum, it has a greater brightness. For a more in-depth description
of color parameters and formulae, see [21]. (B) A graphic representation of polarized light. A light
source produces unpolarized light, in which the e-vectors of light are oriented randomly, then as the
light travels through the filter, only light in one orientation is transmitted resulting in polarized light.
Figure 1B was adopted from physics.stackexchange.com ©.
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not created equally, and light of the same intensity can have drastically different effects on animals based
solely on wavelength and/or polarization. And perhaps most importantly, we must realize that butterflies,
and most animals in fact, have very different visual abilities than humans, and so we may perceive light
completely differently from our study organisms (see Light Reception in Butterflies, Section 3).

2.2. Natural Light Composition Is a Function of Several Environmental Factors

Biologically meaningful light can be made two ways: thermal radiation (e.g., the sun and
electric lighting) and luminescence (e.g., light produced from chemical reactions as exemplified
by bioluminescent organisms). As there are no known bioluminescent butterflies, although there are
cases of fluorescent Heliconius butterflies [24], I will restrict myself to thermal radiation as the sole
meaningful type of light for butterflies. The natural thermal radiative light source for diurnal butterflies
and for most diurnal terrestrial organisms is the sun and although many nocturnal organisms use
light reflected from the moon, the original source is still the sun, although stars have been shown to be
important to insects [25]. However, since the invention of electric lighting, the sun will still be the most
direct light source during the day, but at night, we have introduced many “suns” and thus animals now
have to contend with light at unnatural times and locations. Both the sun and anthropogenic lighting
have unique characteristics that are important to biological functions and deserve special attention.

Until recently on a geologic timescale, the only sources of light on Earth were the sun, natural
fires, and bioluminescent organisms. Thus, organisms evolved under consistent light regimes of day
and night, lunar cycles, and seasonality. These natural light regimes have predictable characteristics
including intensity and spectral composition. First, the intensity of natural light environments changes
11 orders of magnitude ranging from 106 lux under direct sunlight to 10�4 lux during night with
cloudy new moon conditions [26]. Furthermore, the spectral composition changes throughout the
day, most noticeably during twilight hours when the sun is low on the horizon and much light is
scattered through the atmosphere, Figure 2. During daytime, the ambient lighting is bright and rich
in most wavelengths of light from below 400 nm to past 700 nm. The shorter wavelengths of light,
although originally produced from the sun, come from the sky due to the atmosphere scattering
shorter wavelengths of light. The middle and longer wavelengths of light are a result of direct sunlight.
However, as the Earth rotates setting the sun below the horizon, the ambient lighting becomes “bluer”
with short wavelength light dominating the spectra [5,19,27]. Then as night begins, the spectral
composition depends on celestial bodies as the moon reflects sunlight and thus delivers a similar
spectral composition to that of the day, albeit 6 orders of magnitude dimmer [19]. However, if the
moon is absent, then the ambient lighting will be a result of starlight, atmospheric diffuse light, and
airglow and thus middle wavelength rich [28,29]. At such low light intensities, few animals are able to
perceive color and no butterfly is known to be able to perceive color at such low light levels. As far
as a butterfly is concerned, the more important spectral differences in natural lighting are due to the
geometry of other daily environmental factors such as clouds and vegetation.

The ambient lighting that a diurnally active butterfly will experience is dependent upon the
geometry of the sun, clouds and other weather, and vegetation. If a butterfly is flying in an open field
or above a forest canopy (termed large gap [5], Figure 2), then vegetation does not come into play
and the butterfly will experience bright full spectrum light unless clouds block the sun. However, if
a butterfly is flying through a forest, there are several different light environments available due to
forest vegetation: woodland shade, forest shade, and small gap [5], Figure 2. Imagine a butterfly flying
at the edge of the forest with the sun blocked by the canopy but the blue sky is visible for half of the
hemisphere, which will result in the longer wavelengths of light being blocked by trees and shorter
wavelengths of light (i.e., blue) dominating the light environment. As the butterfly turns into the forest,
the blue hemisphere will also become blocked and the light environment will become much dimmer,
by about an order of magnitude, and the light will be rich in middle wavelengths due to most light
being filtered through chlorophyll in leaves. Then as the butterfly continues to fly around the forest, it
will most likely reach small sun flecks, in which there is a hole in the canopy and direct sunlight reaches
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the forest floor resulting in a bright, longer wavelength rich light environment [5,30], Figure 2. Lastly,
clouds and solar elevation can drastically change the light environment that an organism experiences,
and the general trends are that clouds will reduce the spectral hue of forest environments resulting in
homogenous full spectrum light, whereas low solar elevation will result in a purplish hue (middle
wavelengths absent). Thus, butterflies can experience numerous natural light conditions throughout their
day including large gaps, small gaps, woodland shade, forest shade, dawn and dusk, as well as different
gradations of these environments due to clouds (for an extensive appraisal on diurnal light environments,
see [5]). And although research is limited, there is growing evidence that butterflies can cue into these
different environments for numerous biological functions as will be discussed in the next section.

Insects 2018, 9, x FOR PEER REVIEW  5 of 25 

 

environments resulting in homogenous full spectrum light, whereas low solar elevation will result in 
a purplish hue (middle wavelengths absent). Thus, butterflies can experience numerous natural light 
conditions throughout their day including large gaps, small gaps, woodland shade, forest shade, 
dawn and dusk, as well as different gradations of these environments due to clouds (for an extensive 
appraisal on diurnal light environments, see [5]). And although research is limited, there is growing 
evidence that butterflies can cue into these different environments for numerous biological functions 
as will be discussed in the next section. 

 
Figure 2. Natural light environments, their spectra, and anthropogenic light spectra (A) The four main 
types of distinct light environments found in forest habitats: forest shade, small gap, woodland shade, 
and large gap. Each of these light environments arises from the geometry of vegetation, blue sky, and 
the sun. Modified from [5]. (B) The resulting spectra for each of the four light environments with the 
label above each subfigure. (C) Three natural light environments that are due to time of the day and 
cloudy conditions. Dawn and dusk lighting is characterized by a ‘purplish’ hue as both short and long 
wavelengths are dominant. Cloudy conditions make most daily light environments similar to large 
gaps, with the exception that forest shade will still stay middle wavelength dominant. And lastly, 
clouds during dawn and dusk will lead to an increased long wavelength spectrum. (D) Four selected 
anthropogenic light at night sources that each have their own distinct spectrum. LED = light emitting 
diode of 3000 K, MH = metal halide, HPS = high pressure sodium, and MV = mercury vapor. All four 
anthropogenic light at night sources have unnatural peaks and do not represent any natural light 
source. For all spectra, wavelengths on the x-axis range from 400 nm to 700 nm to stay consistent with 
previous research [5], and the y-axis is normalized irradiance in photon flux. Thus, these spectra do 
not represent differences in intensity, only in spectral shape. 

2.3. Anthropogenic Lighting and the Built Environment Produce Unnatural Light Conditions 

The natural patterns of light have become drastically altered by the built environment and the 
invention of anthropogenic light. The global spread of anthropogenic light has been poignantly 

Figure 2. Natural light environments, their spectra, and anthropogenic light spectra (A) The four main
types of distinct light environments found in forest habitats: forest shade, small gap, woodland shade,
and large gap. Each of these light environments arises from the geometry of vegetation, blue sky, and
the sun. Modified from [5]. (B) The resulting spectra for each of the four light environments with the
label above each subfigure. (C) Three natural light environments that are due to time of the day and
cloudy conditions. Dawn and dusk lighting is characterized by a ‘purplish’ hue as both short and
long wavelengths are dominant. Cloudy conditions make most daily light environments similar to
large gaps, with the exception that forest shade will still stay middle wavelength dominant. And lastly,
clouds during dawn and dusk will lead to an increased long wavelength spectrum. (D) Four selected
anthropogenic light at night sources that each have their own distinct spectrum. LED = light emitting
diode of 3000 K, MH = metal halide, HPS = high pressure sodium, and MV = mercury vapor. All four
anthropogenic light at night sources have unnatural peaks and do not represent any natural light
source. For all spectra, wavelengths on the x-axis range from 400 nm to 700 nm to stay consistent with
previous research [5], and the y-axis is normalized irradiance in photon flux. Thus, these spectra do not
represent differences in intensity, only in spectral shape.

2.3. Anthropogenic Lighting and the Built Environment Produce Unnatural Light Conditions

The natural patterns of light have become drastically altered by the built environment and the
invention of anthropogenic light. The global spread of anthropogenic light has been poignantly
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demonstrated with the use of satellite data, see Figure 3. This anthropogenic light has been introduced
in places, times, and with both unnatural intensities and unnatural spectral composition [31].
Anthropogenic light, termed artificial light at night (ALAN), comes from myriad sources including
street lighting, advertising lighting, architectural lighting, security lighting, domestic lighting, and
vehicle lighting [12]. Furthermore, ALAN is not spatially restricted from its source and light can travel
hundreds of kilometers through the atmosphere and result in sky glow, which is easily observed when
traveling towards an urban center at night [32,33]. The spectral composition can also vary greatly
depending on the type of lighting used (e.g., high pressure sodium, mercury vapor, metal halide, LED,
etc., see Figure 2B) and current governmental efforts appear to be selecting light sources with “whiter
lighting” such as higher color temperature LEDs, which can be rich in shorter wavelengths of light [3].
This transition from longer wavelength light sources (i.e., sodium lamps, see Figure 2B) to shorter
wavelength LEDs is alarming due to the known effects of shorter wavelengths of light contributing
more to sky glow [33,34]. For specific spectral characteristics of light sources see Figure 2B and for
further information of ALAN light sources, see [35]. Lastly, I must be clear that we have two different
light problems: (1) the destruction of natural light conditions through altering the natural environment
(i.e., deforestation and the built environment); and (2) through lighting the nocturnal environment
with anthropogenic light sources. Anthropogenic lighting during the day (although very rare) should
have no ecological consequences as direct sunlight will drown out the anthropogenic light.

The light source is not the only player in artificial light at night as other manmade structures can
greatly affect the amount of artificial night lighting in an environment. The two main concerns are
the fixture in which the light is placed and surrounding surfaces (e.g., sidewalks, buildings, etc.) [36].
Dependent upon the light fixture itself, anthropogenic night light can be illuminating all directions or
can be directly illuminating areas through shielding (see Moving Forward, Section 5). It is important
to note that anthropogenic night lighting, regardless of light source type, can still be greatly affecting
natural nocturnal light environments due to the direction in which light is emitted from the source.
Furthermore, manmade structures can greatly enhance or mitigate anthropogenic light through
reflectance or absorbance, respectively. If buildings are blocking light sources from illuminating
natural areas, then light pollution to an area will be minimized. However, if buildings are constructed
with highly reflective materials (e.g., concrete, glass, etc.) and are illuminated by artificial light sources,
light pollution can increase.
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Lastly, anthropogenic light is not only a threat through illuminating natural landscapes with
greater intensities and different spectra than normal, but anthropogenic light can cause unnatural
polarized light conditions, which can greatly confuse, disorient, and, in some cases, lead to the
death of organisms [37]. Water is a very common natural light polarizer and many organisms use
polarized light as a cue to find water for habitat use, egg laying, and many other important biological
functions [37]; however, artificial structures such as plastic sheets (for agricultural use) and asphalt
roads in combination with natural and/or artificial lighting can polarize light and lead animals
to behave as though they are near water. This can lead to aerial animals crashing into non-water
surfaces [38], laying aquatic eggs on dry surfaces [39], and other behaviors that are harmful to
an organism’s fitness; see [37] for an extensive review. Little research has been conducted on the
importance of polarization in butterfly biology, although it is known that butterflies are able to perceive
polarized light and have behaviors dependent upon it as will be discussed further in the next sections.

2.4. A Problem with Studying Light—The Units

Before reviewing what is known about the importance of light in the lives of butterflies, it is
important to address an issue that keeps many biologists away from incorporating light into their
studies, and that is the complicated nature of the units. Humans have been studying light for millennia
and thus many different approaches and units have been derived. Unfortunately, many units are based
on the human visual system (i.e., photometric units) and therefore are very limited for application
to other organisms as most organisms have very different visual systems, as I will enumerate in the
next section. To be able to apply light measurements to any context, one needs to measure the spectra
(i.e., radiometric units) of light in wavelengths from 300 nm to 800 nm as this is the range of light that
organisms are able to perceive. These measurements are histograms of photons (or quanta) for each
wavelength (or frequency) per unit time per area. Most spectroradiometers measure light in quanta
and thus the units are watts per square meter per nanometer. However, visual systems count photons,
not energy, and thus measurements should be converted to photons per second per square meter per
nanometer (see [19] for conversions and a more detailed description of units). These units, commonly
called photon flux, are the gold standard for measuring biologically meaningful light.

The measurement of light becomes more complicated as light can be measured as coming from a
source (radiance in radiometric units, luminance in photometric units) or as hitting a surface (irradiance
in radiometric units, illuminance in photometric units). And because radiance is measuring the light
leaving a source in space, it must have a solid angle measurement included. As irradiance is the
light hitting a surface, it only requires the size of the surface area. It is important to acknowledge
the difference. To understand the importance of light in the lives of butterflies and other insects, we
must as a field approach the study with the same measurements to build a comparative database.
Furthermore, these light metrics have different units dependent upon whether a radiometric unit is
used or whether a photometric unit is used. Unfortunately, most studies use photometric units as the
equipment is usually inexpensive relative to radiometric equipment. The most common photometric
unit for irradiance is lux, which is a unit weighted to the visual response of humans. The most common
photometric unit for radiance is the candela. These units are important to note as much research uses
these instead of the radiometric units and, thus, these studies should be interpreted cautiously as the
spectra of lights have been measured through a ‘filter’ of human vision. Moving forward, we must
measure light in radiometric units and if a photometric comparison is needed, conversions can easily
be conducted; see [19].

3. Light Reception in Butterflies

3.1. Butterfly Vision

Butterflies, like many arthropods, have two compound eyes, each of which comprises a
hemispherical array of thousands of individual photoreceptive elements called ommatidia [40].
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Ommatidia are comprised of a facet lens at the distal end, which focuses light through another
lens, the crystalline cone, which focuses light onto the rhabdom. The rhabdom has up to nine
photosensitive cells that will absorb specific wavelengths of light, resulting in color vision. Some
species of butterflies have up to five different types photoreceptors that are sensitive to a specific
range of the light spectrum [41]. Each of these photoreceptors has an axon that communicates with
processing centers outside of the eye in the central nervous system.

Butterflies, unlike most moths, have apposition compound eyes in which light entering the facet
is only focused on photoreceptor cells within that ommatidium. Moths, however, have superposition
eyes that can focus light entering one facet onto many different photoreceptor cells of neighboring
ommatadia enhancing the ability to detect light, an adaptation for seeing in dim light. Sensitive vision
depends on many morphological and physiological traits; see [40,42–44]. Briefly, sensitive vision in
butterflies results from bigger facets, larger eyes, a tapetum that reflects unabsorbed light back through
the rhabdom (in non-Papilionid butterflies), longer rhabdoms, and neurological mechanisms that
enable the butterflies to spatially and temporally sum input from photoreceptors [42,44–46]. Thus,
butterflies have less sensitive vision due to their apposition eyes, but they do have better spatial acuity
than moths.

Butterflies vary in their ability to resolve objects in their environment and previous research
has shown that not only are there differences in acuity dependent upon species, but also dependent
upon sex, and eye region (e.g., frontal vs. dorsal) [43,47,48]. The acuity of the butterfly eye has acute
zones, which is comprised of larger facets that view very similar areas in space. These acute zones are
known to occur in regions of the eye that are used for specific behavioral tasks such as finding mates
and hostplants.

Furthermore, butterflies are sensitive to polarized light [49–51]. This ability to detect polarized
light arises from a highly ordered arrangement of the internal components of a photoreceptive
cell, see [40,51] for details. Briefly, if the visual pigments within the photoreceptors are arranged
perpendicular to one another, the central nervous system can encode the specific plane of polarization
of light [40,50,52]. Previous research has shown that butterflies use their ability to detect polarized light
in mate choice and Monarch butterflies (Danaus plexippus) utilize the angle of the polarized skylight to
orient during migration [52–55].

3.2. Non-Visual Light Reception in Butterflies

In arthropods, extraocular photoreception is common and non-visual photoreceptors have been
found in both the central nervous system and in the peripheral nervous system as sensory neurons [56–59].
Butterflies exhibit a diversity of extraocular photoreception including genital and antennal, which are
crucial for reproductive behavior, circadian rhythms, and migration, respectively [54,58,60].

Arikawa et al. (1980) discovered extraocular photoreceptive areas on the genitalia of Papilio xuthus
and then in follow up work confirmed that 15 other species of butterflies had genital photoreceptors
and that the wavelength sensitivity was mostly in the 350 nm to 500 nm range [59]. These genital
photoreceptors are important for males to copulate with females as males need light to open their valva,
which are needed to clasp onto females during copulation [61]. Females require light stimulation of the
genital photoreceptors to oviposit and if these photoreceptors do not detect light, females cannot lay
eggs [62,63]. However, the genital photoreceptor research is limited to very few species of butterflies
and whether this trait is phylogenetically conserved across Papilionoidea remains uninvestigated.
Furthermore, whether the spectral sensitivity of these extraocular photoreceptors varies between
species requires further research.

The comprehensive work into the Monarch (Danaus plexippus) migration by Reppert and his
colleagues has been immensely informative for understanding the role of extraocular photoreceptors
for butterfly biology. Reppert et al. (2004) have shown that the spectacular migration of Monarchs,
which can be up to 4000 km long, is dependent upon both the timing of the light cycle and the natural
polarization of the sky [54,55,60,64]. Briefly, the photoreceptors in the antennae of the Monarch are
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cryptochromes and not opsins, and it is these cryptochromes that are the light-input pathway for
maintaining an internal clock [55,60].

Butterflies have immense light reception abilities including very good color vision, spatial
acuity up to several meters, limited dim-light vision, perception of polarized light, and the ability
to detect light through non-visual means. Butterflies use light reception for numerous fitness
related tasks and as such, any changes in their visual environment through alteration of natural
light environments could have drastic consequences. In the next section—ecological implications
of unnatural lighting—I will merge concepts of lighting with light reception to enumerate upon the
consequences of unnatural light for butterflies in phenology, habitat loss, orientation, reproduction,
foraging, predation, and communication.

4. Unnatural Lighting Implications for Butterflies

4.1. Vulnerable Biological Functions and Underlying Mechanisms

In the last decade, much effort has been taken in investigating the effects of sensory
pollution derived from anthropogenic light and noise on organisms across many taxa [10,12,65–67].
Most research has focused on one anthropogenic pollutant (i.e., either light or noise), in the context of
one biological function (e.g., sleep, reproductive timing, etc.), and in one species [10,67]. Fortunately,
the field of anthropogenic effects on sensory ecology has begun to develop frameworks for tackling the
myriad hypotheses and predictions relating the effects of anthropogenic light and noise on organisms.
I mention the noise pollution work here, not because I believe that noise will affect butterflies, which I
do not as most butterflies don’t have tympanic organs [68], but instead because I and other sensory
ecologists believe that the framework developed for studying noise pollution will fit well with studying
the ecological effects of unnatural light conditions [65,66].

Francis et al. (2013) proposed three mechanisms underlying the effects of noise on organisms:
masking, distraction, and misleading. Masking involves an anthropogenic stimulus masking a natural
stimulus. Alternatively, an anthropogenic stimulus could distract an organism and alter its natural
behavior. Lastly, anthropogenic stimuli can mislead an organism into incorrectly assessing a cue
(e.g., a bright mercury vapor lamp as the moon). Although these three mechanisms will work
well for predicting the ecological effects of unnatural lighting in many ecological contexts involved
with cue and signal assessment, these mechanisms cannot fully incorporate all ecological effects for
anthropogenic lighting.

Anthropogenic lighting, unlike anthropogenic noise, also affects organisms due to altering the
perceived natural temporal patterns and can either expand or reduce the temporal niche of an organism.
If an organism is diurnal, they may extend their activity patterns early in the morning and later in the
evening due to greater light levels, whereas a nocturnal animal may reduce their activity patterns due
to unnatural light increasing night brightness. Thus, to layout the potential ecological implications for
butterflies, I refer to four underlying mechanisms: masking, distraction, misleading, and temporal
niche, see Table 1 [65].

Unnatural lighting likely affects many biological functions as well as leading to numerous
ecological consequences [10,12,13,69–72]. I focus on five biological functions: (1) Phenology and
Circadian Rhythms; (2) Attraction and Orientation; (3) Foraging; (4) Predation; and (5) Reproduction.
I do not include communication as I cover butterfly signaling in predation and reproduction.
Furthermore, this list is not exhaustive and other biological functions are likely to be affected by
unnatural light conditions. I focus on these five biological functions as there is literature revealing
concerns and laying a foundation for direct hypotheses and tests. Lastly, I end this section with
discussing how habitat destruction is directly tied to unnatural lighting conditions and possible
ramifications for butterflies.
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Table 1. Mechanisms and biological functions. The four mechanisms with the five butterfly behaviors are listed here with the most pertinent sources. Blank boxes
represent biological functions that are likely not affected by the specific mechanism.

Mechanism Attraction and Orientation Foraging Phenology and Circadian Rhythms Predation Reproduction

Masking

The built environment could mask
polarized light cues that Monarch

butterflies use for
migration [37,54,55].

Butterflies rely upon visual
cues to identify nectar

resources and hostplants.
Altering light environments
will change these visual cues

as they rely upon ambient
illumination [73–75].

Butterflies rely upon the natural light
regimes of their habitats for the timing of

daily and seasonal activity patterns.
Through habitat destruction and

anthropogenic lighting, these regimes are
masked with unnatural light

conditions [76–79].

Butterflies rely on visual defenses
such as deimatic, warning, and

cryptic coloration. Through altered
light environments, these signals are
altered and can increase predation

risk [80–83].

Sexual signals have evolved
under specific light conditions

and unnatural lighting will
mask the visual signal between

males and females [84–88].

Distraction

Anthropogenic lights attract, and
thus distract, butterflies from

normal nocturnal
behaviors [89–91].

As butterflies are distracted and
attracted to anthropogenic lighting,

they are more vulnerable to
predation [92–94].

Misleading

Altering habitat structure through
deforestation and anthropogenic

lighting at night changes light
environments that mislead

butterfly orientation
[55,84,85,91,95,96]

As with masking, altering the
light environment will change
the perceived visual cues of

nectar sources and hostplants,
which could mislead

butterflies into attempting to
forage upon the wrong
species of plant [73–75].

Butterflies use day length as an
environmental cue for timing of

pupation, eclosion, migration, and
diapause. Anthropogenic lighting is
increasing day length, which is likely

misleading butterflies on when to
pupate, eclose, migrate, and begin

diapause [76–79,97–99].

Butterflies rely on light environments
as a cue for correct habitat and

unnatural light environments could
mislead butterflies into occupying

habitats where survival is decreased
due to predation [95,100]. Also,

butterflies use natural light regimes
for development and when

butterflies increase developmental
rate due to heightened light levels,

predation increases [101].

Butterflies rely on visual cues
for courtship and mate

detection. Through unnatural
lighting and the built

environment, both color and
polarized light signals could

become misleading and
butterflies may be courting

inappropriate objects [37,52,53].

Temporal Niche

Anthropogenic lighting at
night is likely to extend the
butterfly activity into dawn

and dusk and thus butterflies
could be feeding earlier and

later in the day [102–105].

Both butterfly and predator daily
temporal patterns are increased by

anthropogenic lighting. This
increased behavior by butterflies
makes them more vulnerable to

novel predators (e.g., bats) and their
natural predators are also able to
hunt earlier and later in the day,
increasing predation [106,107]

Butterflies have genital
photoreceptors that enable

copulation and thus
anthropogenic lighting could

increase the available time that
butterflies are able to copulate

[58,59,61,108].
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4.2. Phenology and Circadian Rhythms

Phenology is the study of the timing of life-history events that are associated with the passage of
seasons [109]. Circadian rhythms are timekeeping devices that have an inherent near-24 h periodicity,
are protected from changes in temperature, nutrition and pH, and can be tuned to oscillate with a
24 h period (known as entrainment) [110]. Both phenology and circadian rhythms use the natural
light/dark cycle (from here on out referred to as photoperiod) of our planet as the environmental
input to the physiological system [109]. In this section on phenology and circadian rhythms, I focus
on anthropogenic light as this is the most likely to affect phenology and circadian rhythms in
butterflies through masking natural environmental cues and/or by misleading butterfly biology
through unnatural lighting. Although direct research into the consequences of anthropogenic lighting
on the phenology and circadian rhythms of butterflies is lacking, I target three areas in which research
exists and highlight needed future research: (1) phenological changes of host plants and nectar sources
as bottom up effects and an arms race between hostplants and butterflies (misleading); (2) changes
in photoperiodicity due to anthropogenic lighting affect diapause, eclosion and pupation (masking
and misleading); (3) changes in lighting affects circadian rhythms in migrating butterflies (masking
and misleading).

In herbivorous insects such as butterfly larvae, temporal matching with host plants is
widespread [76–79]. This temporal matching in both plant and insect larvae development sets a
stage for an arms race between the two players [79], with the plants needing to develop tannins
and other defenses in their leaves before the larvae devour their leaves and reproductive organs
(e.g., flowers), and the larvae needing to consume these plant parts before the defenses occur impacting
their own survival. Numerous studies have investigated this developmental race between maturing
host plants and their insect herbivore [76,77,79,111–114], and some have shown that climate change
is affecting this race with plants receiving an upper hand due to development occurring early in the
season from unnatural temperature changes [79,113,114]. The emphasis in this arms race literature
has been on the effects of temperature altering this developmental race; however, recent research has
shown that anthropogenic lighting is altering the phenology of plants and trees as well [115]. Trees in
unnaturally brighter areas budded seven days sooner than plants in areas without anthropogenic
lighting [115] and this is likely across many different species of plants [10,13,70]. Thus, anthropogenic
lighting is likely affecting the timing of both plant development and larvae development in unequal
ways, which could lead to major disruptions in the coevolution between host plants and their insect
larvae. This research is needed and simple common garden experiments with host plants and insect
larvae under different lighting would greatly increase our understanding of the effects of not just
anthropogenic lighting, but lighting effects on an arms race between host plants and insect herbivores
that has been developing for millions of years.

Photoperiodism, in which seasonal changes in day length or night length are responsible for
directing metabolism, metamorphosis and other physiological processes, has been shown to directly
affect the seasonal and daily timing of diapause and eclosion of Lepidoptera, respectively [97,98,116].
To my knowledge, no published studies have demonstrated direct effects of anthropogenic lighting
on diapause and eclosion in butterflies. Laboratory studies have shown individual burnet moths
(Pseudopidorus fasciata) will alter eclosion times under continuous lighting [97], and that diapause in the
tobacco hornworm (Manduca sexta) is regulated by day length [117]. Although both of these findings are
in moths, it is likely that most Lepidoptera, including butterflies, are affected by anthropogenic lighting
for both diapause and eclosion. Gotthard (1999) and Sencio (2017) have shown that several different
species of butterflies do use the natural light cycle as a cue for diapause and eclosion. Thus, it is likely
that lighting is incredibly important for natural metamorphosis in butterflies. Now that anthropogenic
lighting is changing day lengths with night being shorter regardless of the season [2,118], it is very
likely that butterflies will have unnatural timing of diapause and eclosion under anthropogenic
lighting [116]. Simply designed experiments with lights of different intensities and spectra could
inform the field on how anthropogenic light will affect both diapause and eclosion in butterflies.
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Research into the effects of lighting as the environmental cue in circadian rhythms of insects is
amassing and we now have an understanding of the molecular mechanisms of daily rhythms [117,119,120].
The basic tenet is that light is captured by Cryptochrome, a blue light sensitive photopigment, that
leads to an enzymatic cascade that sets the internal clock of insects [110]. However, it must be noted
that most of our understanding comes from model insects (i.e., Drosophila) and very few studies have
researched circadian rhythms in butterflies. It is very likely that butterflies use Cryptochrome as the
photpigment to entrain the circadian rhythm, but future research into the molecular mechanisms of
circadian rhythms in butterflies is needed. We do know from research into the phenomenal North
American annual migrations of Monarchs (Danaus plexippus), that sunlight, specifically polarized
light, is detected by the antennae to aid in a time-compensated sun compass that enables the correct
orientation during migration [54,55,60]. Thus, it is probable that butterflies are using natural changes
in daily and seasonal light cycles as an environmental cue to drive many biological phenomena.
Unfortunately, we currently do not have much research into this mechanism and future work in this
realm will greatly inform butterfly conservation efforts with regard to anthropogenic lighting.

4.3. Attraction and Orientation

Although scientists and natural historians have been curious of the behavior of butterflies for
hundreds of years, we still lack a basic understanding of butterfly attraction to light and their use of
light for orientation. There are many anecdotal reports of butterflies avoiding or preferring certain
light conditions, but few empirical tests. Unfortunately, most of the empirical tests do not elucidate
whether a preference for habitat type or light conditions exist, but instead test light conditions and
habitat as they are one and the same [121,122]. This caveat is very important to note, as butterflies
may be using light as a cue for locating specific habitats, may be selecting light conditions regardless
of habitat type, or butterflies may be cueing into other environmental factors that correlate with
lighting conditions. Anthropogenic light sources are likely to be distracting and misleading butterflies
from normal behaviors. Research is needed to ascertain the importance of lighting for behavioral
attraction and orientation. Here I review previous studies documenting attraction of butterflies to light
(both natural and artificial) and the use of light for orientation by butterflies.

The attraction of butterflies to light has been studied in both the contexts of natural and artificial
lighting [89,90,95]. Several studies on butterflies have elucidated the attraction of butterflies to
artificial lighting and a few key studies exist on butterfly attraction to different natural light conditions.
Chowdhury & Soren (2011) reviewed the literature of Indian butterflies as well as inventoried their
own data to reveal that since 1951, there have been 27 different species of Indian butterflies from all
butterfly families except for Riodinidae documented to be attracted to artificial lighting. Outside of
India, very few studies exist documenting the attraction of butterflies to light, although Beshkov
(1998) reported ten different butterfly species coming to light traps in Bulgaria and Beshkov posits
thermoregulatory hypotheses for these findings; however, no empirical data exist to support the
hypotheses [91]. These reports are evidence that butterflies are attracted to artificial lights and it is
likely that many more cases exist that have not been published.

Within the last decade, two studies have documented preferences for natural light environments,
one in the context of habitat segregation between Heliconius mimicry rings [95] and another in the
context of mate choice and territorial defense in the speckled wood butterfly (Pararge aegeria) [96],
which is discussed in the Reproduction section below. Seymoure demonstrated that four species
of Heliconius butterflies prefer different light levels dependent upon light intensity [95]. The four
Heliconius species comprise two mimicry rings and each mimicry ring occupies a different habitat,
forest and open savanna [123,124]. Using an enclosure with two different light environments matching
open and closed habitat, Seymoure demonstrated that butterflies preferred the lighting of the habitat
in which they naturally occur. Future studies need to replicate these methods to determine if other
species that are habitat specialists are using natural lighting conditions to locate and remain in suitable
habitats. Once more studies investigate this basic biological phenomenon, we will most likely find
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that many butterflies rely on natural lighting for habitat selection. Thus, due to habitat degradation,
conservation efforts should focus on not only conserving areas, but should focus on conserving the
habitats so that natural lighting regimes exist.

Many studies have investigated butterfly orientation in the context of the landscape, see [125,126],
but few studies have investigated how butterflies use light to orient in their environment. Research
into Parnassius smintheus demonstrated that individuals would turn away from forest habitat, although
whether the butterflies were cuing into light or landscape remains unknown [121]. The best example of
light dependent orientation is in the migrating monarch butterflies which have been empirically shown
to use the e-vector of polarized light to orient and navigate during the long migration [54,55,60,99].
It is likely that many butterflies use light intensity and polarized light as a cue for orientation, but
we lack a firm understanding of mechanisms [37,54,95]. Further research into butterflies that have a
fixed attraction/repulsion to light will greatly increase our understanding of how butterflies use light
conditions for orientation and other behaviors. In the future, use of micro-data loggers will be ideal for
studying how butterflies and other insects orient through their environment dependent upon lighting.

4.4. Foraging

A main ecosystem service provided by adult butterflies is pollination through foraging for
nectar [127]. Furthermore, as holometabolous insects, butterflies will be foraging for flowers and
other nectar sources as adults, but will feed mostly on leaves as larvae. Both butterfly adults and
larvae depend on visual cues and signals to locate food sources and research has shown that adult
butterflies rely on color vision to discriminate between correct nectar sources, and that the overall
intensity contrast of the flowers to the background are imperative for butterflies to land and feed
upon flowers [73–75]. Thus, butterflies have evolved specific visual physiology and visually-guided
behavior to locate appropriate nutritional sources that are dependent upon the perceived coloration of
both the food source and background; and through altering natural light environments, this visual
signal between food source to butterfly can be masked by the spectrum of the available light [95].
Ultimately, these unnatural ambient light effects from altered habitat structure (i.e., deforestation),
could lead to an inability of butterflies to detect and/or initiate feeding upon the correct food source.
This hypothesis has not been tested, but needs to be a goal in the near future to understand how
vulnerable species of butterflies are affected by altered light environments for foraging.

Butterfly foraging behavior is likely to be affected by anthropogenic lighting in both adults and
larvae. Heliconius butterflies forage and find host plants under poor light levels [102] and other species
of butterflies have shown temporal specialization in foraging behavior [102]. In the satyrine butterfly,
Lethe diana, males have been shown to forage early in the morning and then court and defend territories
in the afternoon [103]. The proximate mechanism for this switch from foraging to reproductive efforts
is unknown, but is likely linked to a circadian rhythm, which would be affected by exposure to
anthropogenic lighting at night. Of course, this is another conjecture that further empirical research
needs to investigate. As for larvae, research into feeding in Lepidoptera has shown that both light
levels and temperature are important [104]. Whether exposure to artificial lighting would increase
feeding rates in butterfly larvae is currently lacking empirical evidence; however, research into other
insects has shown that foraging is affected by artificial lighting [105].

4.5. Reproduction

Butterflies depend upon appropriate light conditions for mate detection [85], courtship [84],
mating [58,59], and for successful ovipositing [86]. Numerous studies have shown that butterfly mate
detection is dependent upon visual signals across a wide range of wavelengths [24,128,129], and that
males orient themselves with respect to the visual environment to increase conspicuous sexual
signals [87,88]. Furthermore, the astounding fact that swallowtails use genital photoreceptors to
confirm copulation [58,59,61,62], is evidence of the importance of light for butterfly reproduction.
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Unnatural light conditions are likely to mask, mislead, and lead to inappropriate timing
(temporal niche) of mate detection, courtship, mating, and ovipositing in butterflies.

Butterflies have evolved sexual signals in specific habitats and contexts and through unnatural
lighting, these behaviors are very likely to be altered. For example, Bergman et al. (2007, 2009) revealed
that the male speckled wood butterflies, Pararge aegeria, fight over sunspot territories on the forest
floor and winners gain sole residency of sunspot, whereas losers patrol the forest looking for females.
Male residents achieved twice as many matings due to control of sunspot territory. Furthermore,
Bergman et al. (2009) found that females were not interested in the sunspot, but instead that males
had increased reproductive success because they were better at locating females flying through a
sunspot [96]. Then in another species, the empress leilia butterfly, Asterocampa leilia, Bergman et al.
(2015) revealed that the contrast of the blue sky and desert scrub affected detection ability of females
by perched male butterflies. Lastly, unnatural light conditions are also likely to affect reproductive
behaviors in butterflies due to the timing that males begin patrolling for females. Mate finding
behaviors in several species of moths and butterflies are dependent upon time of day and most
likely entrained by light conditions [97,103,130,131]. And several species of butterflies have consistent
eclosion times after sunrise that correspond to mate-locating behaviors [98]. Thus, if the visual
landscape is altered by habitat alteration and/or anthropogenic lighting, male butterfly reproductive
behaviors could be greatly altered both spatially and temporally.

Another concern for butterfly reproduction that is likely unique to invertebrates is that butterflies
use polarized light for reproductive behaviors, and unnatural light conditions alter the natural
polarized light environment [52,53,132]. Understory Heliconius butterflies use polarized wing
reflectance for mate choice, whereas open habitat Heliconius butterflies do not have polarized wing
reflectance [52]. Understory Heliconius butterflies are likely not the only species to use polarized
light for sexual signals as Douglas et al. (2007) found that many species of tropical understory
butterflies have evolved polarized light signals for mating. As human habitats greatly alter the natural
polarized light environment, we need to concern ourselves with the importance of polarized light
for butterflies [37].

Lastly, it is intellectually stimulating to hypothesize the effects of anthropogenic lighting on
copulations in butterflies as they rely on genital photoreceptors to initiate sperm transfer [58,59,61,63].
Arikawa et al. (1982) found that the spectral sensitivity of the genital photoreceptors has a major peak
at 380 nm and a smaller peak at 450 nm. This could be concerning in light of current widespread
adoption of LED technologies, especially those with high color temperature (i.e., 5000 K), which have
spectral peaks similar to those of the genital photoreceptors. Thus, could anthropogenic lighting enable
butterflies to reproduce in appropriate spatial and temporal dimensions that could lead to vulnerability
via increased predation due to different predator abundance and behavior? Simple observations in
laboratory settings with anthropogenic lighting and reproductive behavior with swallowtails could
shed light onto what could be a serious butterfly conservation issue.

4.6. Predation

Many butterflies rely on visual signals and coloration as a primary defense against potential
predators [133–135]. In fact, most butterflies rely on crypsis [136–138], warning signals to advertise
unprofitability [139–142], or deimatic coloration (e.g., eye spots) to distract and startle predators [143–145].
With regard to visual cues and signals between predators and butterfly prey, unnatural light conditions
can mask the signal and lead to an unnatural response from the predator, that would likely decrease
butterfly survival [72]. Previous research has shown that attack rates on both butterfly adults
and larvae are dependent upon microhabitat, which have specific light environments [100,138].
Grenis et al. (2015) found that Lepidoptera larvae are more likely to be attacked if they were placed
in edge, woodland shade habitats during the day, than if they were placed in forest shade habitats.
Furthermore, Seymoure et al. (2017) revealed that Heliconius butterflies have different attack rates in
their respective microhabitats.
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Visual cues and signals are likely to be masked by both unnatural light conditions during the
day and anthropogenic night lighting. Previous research has shown that butterflies rely on luminance
contrast for both warning signals and deimatic displays [80,81]. Sandre et al. (2010) showed that
avian predators learned to avoid warning signals dependent upon the brightness contrast and not the
specific color. Olofsson et al. (2010) revealed that the eyespots of the woodland brown (Lopinga achine)
were differentially attacked dependent upon light environment, with butterflies in low light intensities
with high UV spectra likely having the eyespot attacked, whereas butterflies in bright light conditions
without UV were likely to have the head attacked. Both of these studies are poignant examples
of reduced butterfly fitness due to the visual signals being masked by unnatural light conditions.
Furthermore, warningly colored butterflies have evolved specific warning signals and behaviors to
increase survival [82,83]. Pipevine swallowtails (Battus philenor) orient themselves to increase signal
efficacy while perched and if anthropogenic lighting changes the spectrum of ambient lighting, these
butterflies will have reduced signal efficacy ([116], Seymoure in Prep). Furthermore, Douglas (2013)
found that warning colors have evolved dependent upon the light environment in which they are
found, with butterflies occupying bright, open light environments having colorful warning signals,
and butterflies occupying dim, forest environments having bright, non-colorful, contrasting warning
signals. It is likely that unnatural lighting conditions during the day and night are greatly altering the
efficiency of evolved predator defenses of butterflies.

Butterflies are not only vulnerable to increased predation due to the masking of visual signals,
but also due to misleading environmental information from anthropogenic lighting. As stated
above, butterfly larvae alter their rate of development dependent upon photoperiod [101,116,146].
Research has shown that photoperiod is lengthened due to anthropogenic lighting [70,107,147],
and thus it is probable that butterfly larvae will be misled into altering their rate of development
due to anthropogenic lighting. This is very concerning for two reasons: (1) larvae depend on the
natural photoperiod cues to develop in time to diapause during the winter or other harsh climatic
events [146,148]; and (2) larvae have much higher mortality due to predators when they have faster
rates of development [101]. Thus, altering the perceived photoperiod of larvae through anthropogenic
lighting could cause major butterfly mortality.

The previous concerns have focused on direct effects on butterflies, but altering natural light
conditions during both day and night may not alter the behavior of the butterfly and yet still be
important to butterfly fitness as these light changes could alter the behavior of the predator. In fact,
several recent studies have shown that insectivorous birds begin to forage and sing earlier as well
as being active later into the evening in the context of anthropogenic lighting [16,106,107]. So even if
butterflies do not change their behavior, they may be at greater risk of predation due to an increase of
predator activity.

Lastly, many species of butterflies are attracted to anthropogenic lighting and previous research
has shown increased predation upon Lepidoptera at anthropogenic light sources [92–94]. Although I
found no evidence in the literature of predation on adult butterflies at artificial light sources, this
is likely due to the methods used, which are either focused on grouping prey into large taxa
(i.e., Lepidoptera instead of Nymphalidae) [149,150], or are focused specifically on predator behavior
and do not qualify prey [151–153] (but see [100] for no effect of anthropogenic light on larvae predation).
However, it is likely that anthropogenic lighting affects butterfly predator-defenses due to distracting
butterflies through a novel stimulus may leave individual butterflies more susceptible to predation.
There are simple approaches to studying this in both the field and lab, and studies could quickly
determine if butterflies perched at night change their behaviors when artificial lights are turned on,
which in turn could make them more vulnerable to predation.

4.7. Habitat Loss and Alteration

Humans have greatly altered the planet’s surface and are the largest cause of habitat loss [154–157].
Habitat destruction and transformation leads to immediate and delayed biodiversity loss [158], and of
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the 25 endemic hotspots that have the majority of the planet’s biodiversity, none of these hotspots have
more than one-third of their pristine habitat remaining [154]. Most importantly for this review, recent
research has shown that butterflies are likely to be affected more from habitat loss than other taxa [159].
And, recent studies have used satellite data of light pollution as a surrogate for habitat loss [155].
Thus, through habitat loss, natural lighting and light regimes are drastically altered resulting in two
urgent concerns for butterfly diversity: (1) reduction in natural light environments; and (2) increase in
exposure to anthropogenic lighting.

Through natural habitat destruction, the natural light environments produced by the habitat
vegetation are removed and, in most cases, a light environment similar to the ‘large gap’ (Figure 2)
will replace the myriad of light environments (e.g., ‘forest shade’, ‘woodland shade’) that once
provided specific stages for biological functions [5,30,160]. As Endler (1993) demonstrated, a mature
forest provides several distinct light environments that are crucial for reproduction, communication,
and other fitness related behaviors in several taxa [30,95,160–163]. Furthermore, through habitat
fragmentation, habitats are less likely to have natural understory ‘forest shade’ environments, which
are likely imperative to many butterfly species, as these forest fragments will be mostly edge habitat
of ‘woodland shade’ light environments. Although direct tests are lacking, observations of forest
understory butterflies, especially in the Neotropics, are poignant examples that specialist butterflies
like those of the brown butterflies (Satyrinae: example genera of Pierella and Haeterini) are greatly
affected by sun exposure and seek out shaded habitats [102]. By removing large patches of mature
forest, we are greatly diminishing any chance for sustainable populations of these specialist butterflies
that seek out specific forest light environments.

Through natural habitat destruction, more intact fragments of natural habitat will be exposed
to anthropogenic lighting. As forests and other natural habitats are cleared for agriculture and
human development, anthropogenic lighting usually is one of the first anthropogenic pollutants
due to road and property lighting. Thus, the remaining intact swaths of natural habitats will be
exposed to direct and indirect (skyglow) sources of anthropogenic lighting. This effect will again
greatly affect those butterflies that are adapted to dim forest environments as they will be exposed
to brighter conditions both day and night, and although direct tests are lacking, my preliminary
research with Pierella has shown that these butterflies do not last long in bright open habitat conditions
(Seymoure in prep). Light pollution is likely a threat to butterfly communities as light pollution is
growing globally including within world protected areas [6] and as anthropogenic lighting is increasing
faster than global population rate due to technological advances reducing the cost and energy demands
of anthropogenic lighting [118]. Understanding that anthropogenic light is pervasive throughout
fragmented habitats is sobering, but we must as butterfly conservationists address the effects of
unnatural light conditions on not just butterflies, but Lepidoptera in general, as there are likely grave
consequences if we do not act now to preserve natural light conditions in Lepidoptera habitats.

Through natural habitat destruction, more of the environment will consist of artificial surfaces
such as buildings, roads, dykes, and agricultural fields. This built environment not only introduces
unnatural diurnal and nocturnal light conditions, but it also can drastically alter natural polarized light
conditions [37]. Again, we understand little of the importance of polarized light for butterfly biology
but we do know that butterflies use polarized light to orient and migrate [54,55], court conspecifics [52],
signal to putative predators [53], forage and locate hostplants [132], and we know that myriad other
insects use polarized light for finding suitable habitats [37–39,164]. Furthermore, with the unnatural
built environment, humans are introducing novel color schemes and materials that produce unnatural
glare, that could affect butterfly behavior resulting in reduced fitness [37].

5. Moving Forward

In the previous sections, I have highlighted the underlying butterfly biology that points to
unnatural lighting, both diurnal and nocturnal, that could threaten butterfly fitness and result in loss of
butterfly diversity. We now, as butterfly researchers, have the challenge to further our understanding
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of the importance of natural lighting and the impacts of anthropogenic lighting on butterfly fitness to
guide and inform conservation and management decisions to mitigate the effects of unnatural lighting
on butterflies. Fortunately, butterflies are the ‘charismatic megafauna’ of the insect world and can
become the umbrella species for insects and other invertebrates, which are also likely impacted from
unnatural lighting. In this last section I briefly introduce methods to quantify the threat of unnatural
lighting and reduce the impacts on butterflies of the inevitable lighting changes of the future.

5.1. Quantifying the Threat

To fully understand the repercussions of unnatural light conditions on butterfly natural history,
we must research not only specific species but also use a wide phylogenetic approach to be able
to make predictions for entire genera and sub-families of butterflies. With such a large number of
butterfly species, we can’t possibly understand the specific effects for each species under specific
circumstances. However, we can use ‘model’ butterfly species as surrogates for butterflies that are
rare and/or more difficult to study. We should not be concerned with the specific species of butterfly,
but instead, the butterfly behavior and how it as affected by unnatural light conditions. Then, we can
map these behaviors onto well-developed phylogenies [68] and use this as a guide for management
and conservation.

The easiest path forward is for butterfly biologists to continue to do their research and include
measurements of light conditions. Whether they are researching chemical signaling in Pieris, mimicry
in Heliconius, migration in Danaus, or mate choice in Battus—by including measurements of light
intensity and spectral composition, we will better understand the ubiquity of lighting importance for
butterflies and how unnatural lighting can have detrimental effects. Although light measurements
have likely kept lepidopterists timid from including them in their work, I hope this review shows that
measurements of light can be included relatively easily and that wonderful references exist [19,165].
Furthermore, although some light equipment can be expensive to obtain, we can use inexpensive
astronomical equipment such as Sky Quality Meters (SQMs; Unihedron, Grimsby, Canada) to at least
quantify light changes in butterfly habitats. Another inexpensive method is to use lux meters to
quantify overall light changes. Ideally, researchers will incorporate spectroradiometric measurements
to fully understand the effects of both brightness and spectral composition on butterfly biology, but as
these spectrometers cost more than a thousand dollars, it would at least be beneficial for researchers
to invest a few hundred dollars into light meters that can quantify overall light changes. A methods
paper utilizing non-traditional light equipment to quantify the effects of unnatural lighting is in
preparation and will hopefully guide lepidopterists to include light measurements in their work.
Lastly, for butterfly field biologists, there are several excellent light pollution maps that have been
recently published and can easily be included into field research as these maps have spatial resolution
of near 700 m2 (Figure 3; [1,2]). Although these maps are not perfect surrogates for understanding
anthropogenic light effects on organisms as they are satellite measurements of upwelling radiance,
they are a great start for quantifying anthropogenic light changes on butterflies.

5.2. Reducing Ecological Impacts of Unnatural Lighting on Butterflies

Reducing the ecological impacts of unnatural light conditions is very easy in certain contexts and
very difficult in others. When reducing blue-dominant anthropogenic lighting, it is easy to mitigate
ecological impacts by using a more ecologically friendly night lighting option such as amber LEDs
instead of blue-dominant lighting. However, when attempting to restore natural light conditions in a
deforested area, there is no ‘flip of a switch’ solution, but only correct forest restoration to renovate the
natural forest light conditions that many organisms depend upon. As in most conservation efforts, the
best approach is to maintain the natural intact habitats. Of course, we will need to restore deforested
areas and when doing so, we must keep in mind the natural light conditions that would have been
in the original forest. Thus, if an effort is taken to quickly reforest a neotropical habitat, the native
trees must be used instead of bamboo or eucalyptus, as these trees will not provide the correct canopy



Insects 2018, 9, 22 18 of 25

cover or vegetative stratification needed for producing the different forest light environments [5,160].
Restoring natural daily light conditions will require monitoring and may require very strict forest
management to introduce gaps (e.g., treefalls) into maturing forest as treefalls naturally occur from
older or dead trees being uprooted by wind [165].

Alleviating the ecological consequences of anthropogenic lighting begins with educating people.
Only people are contributing to anthropogenic light at night and in most cases, people are naively
lighting their property in ways that can have detrimental ecological consequences [12]. Once informed,
most people will alter their lighting to reduce ecological consequences while still performing the
function that they require. It will be easier to have people mitigate their lighting effects by installing
the proper lighting before they have already invested in improper lighting. Thus, we must educate
citizens and local governments about responsible lighting immediately. Several excellent manuscripts
and handbooks exist [36,166–168], so I will only briefly introduce the three main steps for mitigating
anthropogenic lighting: time, direction, and color. Anthropogenic lighting should be used when it
is needed and several studies show that constant night lighting does not reduce theft nor increase
security [169]. Thus, lights should be set on timers or regulated with motion detectors to turn on when
people need them. Also, these lights should be directional and not able to propagate light in every
direction. As people will need the light illuminating the ground where they are, proper fixtures are
needed to direct light downward and in the appropriate direction. Lastly, animals, including humans,
have evolved to use the spectral shape of light as an environmental cue for day and night [70] and
therefore, night time lighting should avoid shorter wavelengths of light as these can confuse biological
rhythms [16,70]. So, in moving forward to reduce ecological impacts from anthropogenic lighting on
all organisms, not just butterflies, we must educate people on responsible night lighting, which is as
simple as using directional and long wavelength rich light only when it is needed.

6. Conclusions

Unnatural lighting is a global issue that is directly affecting butterfly biology and we are only
beginning to understand the detrimental impacts. Both habitat destruction and anthropogenic lighting
at night are altering the natural light conditions in which butterflies have evolved specific biological
functions for millions of years. Circadian rhythms, orientation, migration, foraging, anti-predator
behaviors, mate-detection, and reproduction have all been shown to rely on light conditions and
thus these butterfly behaviors are likely to change and perhaps reduce fitness under unnatural
light conditions. Future work must delve into the specific mechanisms underlying the ecological
impacts of unnatural lighting on butterflies, as this can then inform management and conservation
efforts to reduce unnatural lighting in areas and species of concern. However, even before we build
this knowledge base, we can mitigate the ecological consequences of unnatural light conditions on
butterflies through maintaining mature forests, and reducing the use of anthropogenic lighting at night.

Acknowledgments: This manuscript is a product of the Special Issue in Insects on butterfly conservation and
I am greatly indebted to J. C. Daniels and R. Leng for the invitation to participate. Furthermore, I am grateful to
G. Wittemyer, K. Crooks, L. Angeloni, and K. Fristrup for supporting me in this endeavor during a postdoctoral
fellowship funded through the Natural Sounds and Night Skies Division of the National Park Service and
Colorado State University. I appreciate Science Advances and Falchi et al. (2016) allowing me to reproduce the
New World Atlas Light Pollution Map. Lastly and most importantly, this manuscript was greatly strengthened by
Lindsey Seymoure for figure construction and by J. White and C. Linares for constructive criticisms.

Author Contributions: B. Seymoure is fully responsible for this manuscript other than from figures that were
adopted from previous publications and minor criticisms from colleagues and anonymous reviewers.

Conflicts of Interest: B. Seymoure has no conflicts of interest relevant to this review.

References

1. Cinzano, P.; Falchi, F.; Elvidge, C.D. The first World Atlas of the artificial night sky brightness. Mon. Not. R.
Astron. Soc. 2001, 707, 689–707. [CrossRef]

http://dx.doi.org/10.1046/j.1365-8711.2001.04882.x


Insects 2018, 9, 22 19 of 25

2. Falchi, F.; Cinzano, P.; Duriscoe, D.; Kyba, C.C.M.; Elvidge, C.D.; Baugh, K.; Portnov, B.A.; Rybnikova, N.A.;
Furgoni, R. The new world atlas of artificial night sky brightness. Sci. Adv. 2016, 2, 1–26. [CrossRef]
[PubMed]

3. Elvidge, C.D.; Keith, D.M.; Tuttle, B.T.; Baugh, K.E. Spectral identification of lighting type and character.
Sensors 2010, 10, 3961–3988. [CrossRef] [PubMed]

4. Elvidge, C.D.; Zhizhin, M.; Hsu, F.C.; Baugh, K.E. VIIRS nightfire: Satellite pyrometry at night. Remote Sens.
2013, 5, 4423–4449. [CrossRef]

5. Endler, J.A. The color of light in forests and its implications. Ecol. Monogr. 1993, 63, 1–27. [CrossRef]
6. Gaston, K.J.; Duffy, J.P.; Bennie, J. Quantifying the erosion of natural darkness in the global protected area

system. Conserv. Biol. 2015, 29, 1132–1141. [CrossRef] [PubMed]
7. Bennie, J.; Duffy, J.P.; Davies, T.W.; Correa-Cano, M.E.; Gaston, K.J. Global trends in exposure to light

pollution in natural terrestrial ecosystems. Remote Sens. 2015, 7, 2715–2730. [CrossRef]
8. Primack, R.B. Essentials of Conservation Biology, 6th ed.; Oxford University Press: Oxford, UK, 2014.
9. Haddad, N.M.; Brudvig, L.A.; Clobert, J.; Davies, K.F.; Gonzalez, A.; Holt, R.D.; Lovejoy, T.E.; Sexton, J.O.;

Austin, M.P.; Collins, C.D.; et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci. Adv.
2015, 1, e1500052. [CrossRef] [PubMed]

10. Gaston, K.J.; Bennie, J.; Davies, T.W.; Hopkins, J. The ecological impacts of nighttime light pollution:
A mechanistic appraisal. Biol. Rev. 2013, 88, 912–927. [CrossRef] [PubMed]

11. Gaston, K.J.; Gaston, S.; Bennie, J.; Hopkins, J. Benefits and costs of artificial nighttime lighting of the
environment. Environ. Rev. 2014, 10, 1–10. [CrossRef]

12. Gaston, K.J.; Visser, M.E.; Hölker, F. The biological impacts of artificial light at night: The research challenge.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20140133. [CrossRef] [PubMed]

13. Longcore, T.; Rich, C. Ecological Light Pollution; Islnd Press: Washington, DC, USA, 2004.
14. Hoelker, F.; Wurzbacher, C.; Weissenborn, C.; Monaghan, M.T.; Holzhauer, S.I.J.; Premke, K. Microbial

diversity and community respiration in freshwater sediments influenced by artificial light at night.
Philos. Trans. R. Soc. B Biol. Sci. 2015, 370, 20140130. [CrossRef] [PubMed]

15. Dwyer, R.G.; Bearhop, S.; Campbell, H.A.; Bryant, D.M. Shedding light on light: Benefits of anthropogenic
illumination to a nocturnally foraging shorebird. J. Anim. Ecol. 2013, 82, 478–485. [CrossRef] [PubMed]

16. Dominoni, D. The effects of light pollution on biological rhythms of birds: An integrated, mechanistic
perspective. J. Ornithol. 2015, 156, 409–418. [CrossRef]

17. Kamrowski, R.L.; Limpus, C.; Pendoley, K.; Hamann, M. Influence of industrial light pollution on the sea-
finding behaviour of flatback turtle hatchlings. Wildl. Res. 2014, 41, 421–434. [CrossRef]

18. Lythgoe, J.N. The Ecology of Vision; Clarendon Press: Oxford, UK, 1979.
19. Johnsen, S. The Optics of Life; Princeton University Press: Princeton, NJ, USA, 2012.
20. Land, M.F.; Nilsson, D.E. Animal Eyes, 2nd ed.; Oxford University Press: Oxford, UK, 2012.
21. Montgomerie, R. Analyzing colors. In Bird Coloration. Volume 1 Mechanisms and Measurements; Harvard

University Press: Cambridge, MA, USA, 2006; pp. 90–147.
22. Shurcliff, W.A. Polarized Light: Production and Use; Harvard University Press: Cambridge, MA, USA, 1962.
23. Pye, D. Polarised Light in Science and Nature; IOP Publishing: London, UK, 2001.
24. Finkbeiner, S.D.; Fishman, D.A.; Osorio, D.; Briscoe, A.D. Ultraviolet and yellow reflectance but not

fluorescence is important for visual discrimination of conspecifics by Heliconius erato. J. Exp. Biol. 2017, 220,
1267–1276. [CrossRef] [PubMed]

25. Dacke, M.; Baird, E.; Byrne, M.; Scholtz, C.H.; Warrant, E.J. Dung beetles use the milky way for orientation.
Curr. Biol. 2013, 23, 298–300. [CrossRef] [PubMed]

26. Bond, D.S.; Henderson, F.P. The Conquest of Darkness. Defense Documentation Center: Alexandria, VA,
USA, 1963.

27. Spitschan, M.; Aguirre, G.K.; Brainard, D.H.; Sweeney, A.M. Variation of outdoor illumination as a function
of solar elevation and light pollution. Sci. Rep. 2016, 6, 26756. [CrossRef] [PubMed]

28. Palmer, G.; Johnsen, S. Downwelling spectral irradiance during evening twilight as a function of the lunar
phase. Appl. Opt. 2014, 54, B85. [CrossRef] [PubMed]

29. Duriscoe, D.M. Photometric indicators of visual night sky quality derived from all-sky brightness maps.
J. Quant. Spectrosc. Radiat. Transf. 2016, 1–13. [CrossRef]

http://dx.doi.org/10.1126/sciadv.1600377
http://www.ncbi.nlm.nih.gov/pubmed/27386582
http://dx.doi.org/10.3390/s100403961
http://www.ncbi.nlm.nih.gov/pubmed/22319336
http://dx.doi.org/10.3390/rs5094423
http://dx.doi.org/10.2307/2937121
http://dx.doi.org/10.1111/cobi.12462
http://www.ncbi.nlm.nih.gov/pubmed/25693660
http://dx.doi.org/10.3390/rs70302715
http://dx.doi.org/10.1126/sciadv.1500052
http://www.ncbi.nlm.nih.gov/pubmed/26601154
http://dx.doi.org/10.1111/brv.12036
http://www.ncbi.nlm.nih.gov/pubmed/23565807
http://dx.doi.org/10.1139/er-2014-0041
http://dx.doi.org/10.1098/rstb.2014.0133
http://www.ncbi.nlm.nih.gov/pubmed/25780244
http://dx.doi.org/10.1098/rstb.2014.0130
http://www.ncbi.nlm.nih.gov/pubmed/25780242
http://dx.doi.org/10.1111/1365-2656.12012
http://www.ncbi.nlm.nih.gov/pubmed/23190422
http://dx.doi.org/10.1007/s10336-015-1196-3
http://dx.doi.org/10.1071/WR14155
http://dx.doi.org/10.1242/jeb.153593
http://www.ncbi.nlm.nih.gov/pubmed/28108668
http://dx.doi.org/10.1016/j.cub.2012.12.034
http://www.ncbi.nlm.nih.gov/pubmed/23352694
http://dx.doi.org/10.1038/srep26756
http://www.ncbi.nlm.nih.gov/pubmed/27272736
http://dx.doi.org/10.1364/AO.54.000B85
http://www.ncbi.nlm.nih.gov/pubmed/25967843
http://dx.doi.org/10.1016/j.jqsrt.2016.02.022


Insects 2018, 9, 22 20 of 25

30. Endler, J.A.; Thery, M. Interacting effects of lek placement, Display behavior, Ambient light, and Color
patterns in three neotropical forest-dwelling birds. Am. Nat. 1996, 148, 421–452. [CrossRef]

31. Gaston, K.J.; Duffy, J.P.; Gaston, S.; Bennie, J.; Davies, T.W. Human alteration of natural light cycles: Causes
and ecological consequences. Oecologia 2014, 176, 917–931. [CrossRef] [PubMed]

32. Aube, M. Physical behaviour of anthropogenic light propagation into the nocturnal environment.
Philos. Trans. R. Soc. B 2015, 370, 20140117. [CrossRef] [PubMed]

33. Luginbuhl, C.B.; Boley, P.A.; Davis, D.R. The impact of light source spectral power distribution on sky glow.
J. Quant. Spectrosc. Radiat. Transf. 2014, 139, 21–26. [CrossRef]

34. Kyba, C.C.M.; Tong, K.P.; Bennie, J.; Birriel, I.; Birriel, J.J.; Cool, A.; Danielsen, A.; Davies, T.W.; Outer, P.N.;
Edwards, W.; et al. Corrigendum: Worldwide variations in artificial skyglow. Sci. Rep. 2015, 5, 8409.
[CrossRef] [PubMed]

35. Davies, T.W.; Bennie, J.; Inger, R.; de Ibarra, N.H.; Gaston, K.J. Artificial light pollution: Are shifting spectral
signatures changing the balance of species interactions? Glob. Chang. Biol. 2013, 19, 1417–1423. [CrossRef]
[PubMed]

36. Longcore, T.; Rich, C.; DelBusso, L. Artificial Night Lighting and Protected Lands Ecological Effects
and Management Approaches. In Natural Resource Report NPS/NRSS/NSNS/NRR; National Park Service:
Fort Collins, CO, USA, 2016; pp. 1–51.

37. Horváth, G.; Kriska, G.; Malik, P.; Robertson, B. Polarized light pollution: A new kind of ecological
photopollution. Front. Ecol. Environ. 2009, 7, 317–325. [CrossRef]

38. Szaz, D.; Horvath, G.; Barta, A.; Robertson, B.A.; Farkas, A.; Egri, A.; Tarjanyi, N.; Racz, G.; Kriska, G.
Lamp-lit bridges as dual light-traps for the night-swarming mayfly, Ephoron virgo: Interaction of polarized
and unpolarized light pollution. PLoS ONE 2015, 10, e012194. [CrossRef] [PubMed]

39. Horváth, G.; Varjú, D. Why Do Mayflies Lay Eggs on Dry Asphalt Roads? Water-Imitating Horizontally
Polarized Light Reflected from Asphalt Attracts Ephemeroptera. Polariz. Light Anim. Vis. 2004, 201, 229–240.
[CrossRef]

40. Rutowski, R.L. Visual Ecology of Adult Butterflies. In Butterflies: Ecology and Evolution Taking Flight;
University of Chicago Press: Chicago, IL, USA, 2003; pp. 9–25.

41. Briscoe, A.D.; Chittka, L. The Evolution of Color Vision in Insects. Annu. Rev. Entomol. 2001, 46, 471–510.
[CrossRef] [PubMed]

42. Warrant, E.J.; Nilsson, D.E. Invertebrate Vision; Cambridge University Press: Cambridge, UK, 2006.
43. Seymoure, B.M.; McMillan, W.O.; Rutowski, R.L. Peripheral eye dimensions in Longwing (Heliconius)

butterflies vary with body size and sex but not light environment nor mimicry ring. J. Res. Lepid. 2015, 48,
83–92.

44. Frederiksen, R.; Warrant, E.J. Visual sensitivity in the crepuscular owl butterfly Caligo memnon and the
diurnal blue morpho Morpho peleides: A clue to explain the evolution of nocturnal apposition eyes?
J. Exp. Biol. 2008, 211, 844–851. [CrossRef] [PubMed]

45. Greiner, B.; Ribi, W.A.; Warrant, E.J. Retinal and optical adaptations for nocturnal vision in the halictid bee
Megalopta genalis. Cell Tissue Res. 2004, 316, 377–390. [CrossRef] [PubMed]

46. Warrant, E.J.; Kelber, A.; Wallén, R.; Wcislo, W.T. Ocellar optics in nocturnal and diurnal bees and wasps.
Arthropod Struct. Dev. 2006, 35, 293–305. [CrossRef] [PubMed]

47. Rutowski, R.L. Variation of eye size in butterflies: Inter- and intraspecific patterns. J. Zool. 2000, 252, 187–195.
[CrossRef]

48. Rutowski, R.L.; Gislén, L.; Warrant, E.J. Visual acuity and sensitivity increase allometrically with body size
in butterflies. Arthropod Struct. Dev. 2009, 38, 91–100. [CrossRef] [PubMed]

49. Kelber, A.; Thunell, C.; Arikawa, K. Polarisation-dependent colour vision in Papilio butterflies. J. Exp. Biol.
2001, 204, 2469–2480. [PubMed]

50. Hammerle, B.; Kolb, G. Retinal ultrastructure of the dorsal eye region of Pararge aegeria (Linne) (Lepidoptera:
Satyridae). Int. J. Insect Morphol. Embryol. 1996, 25, 305–315. [CrossRef]

51. Stavenga, D.G.; Hardie, R.C. Facets of Vision; Springer: Berlin, Germany, 1989; ISBN 9783642740824.
52. Sweeney, A.; Jiggins, C.; Johnsen, S.; Greene, M.J.; Gordon, D.M. Polarized light as a butterfly mating signal.

Nature 2002, 17, 2002–2003. [CrossRef] [PubMed]

http://dx.doi.org/10.1086/285934
http://dx.doi.org/10.1007/s00442-014-3088-2
http://www.ncbi.nlm.nih.gov/pubmed/25239105
http://dx.doi.org/10.1098/rstb.2014.0117
http://www.ncbi.nlm.nih.gov/pubmed/25780231
http://dx.doi.org/10.1016/j.jqsrt.2013.12.004
http://dx.doi.org/10.1038/srep08409
http://www.ncbi.nlm.nih.gov/pubmed/25673335
http://dx.doi.org/10.1111/gcb.12166
http://www.ncbi.nlm.nih.gov/pubmed/23505141
http://dx.doi.org/10.1890/080129
http://dx.doi.org/10.1371/journal.pone.0121194
http://www.ncbi.nlm.nih.gov/pubmed/25815748
http://dx.doi.org/10.1007/978-3-662-09387-0_22
http://dx.doi.org/10.1146/annurev.ento.46.1.471
http://www.ncbi.nlm.nih.gov/pubmed/11112177
http://dx.doi.org/10.1242/jeb.012179
http://www.ncbi.nlm.nih.gov/pubmed/18310109
http://dx.doi.org/10.1007/s00441-004-0883-9
http://www.ncbi.nlm.nih.gov/pubmed/15064946
http://dx.doi.org/10.1016/j.asd.2006.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18089077
http://dx.doi.org/10.1111/j.1469-7998.2000.tb00614.x
http://dx.doi.org/10.1016/j.asd.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18809509
http://www.ncbi.nlm.nih.gov/pubmed/11511662
http://dx.doi.org/10.1016/0020-7322(96)00003-7
http://dx.doi.org/10.1038/423031a
http://www.ncbi.nlm.nih.gov/pubmed/12721616


Insects 2018, 9, 22 21 of 25

53. Douglas, J.M.; Cronin, T.W.; Chiou, T.-H.; Dominy, N.J. Light habitats and the role of polarized iridescence in
the sensory ecology of neotropical nymphalid butterflies (Lepidoptera: Nymphalidae). J. Exp. Biol. 2007, 210,
788–799. [CrossRef] [PubMed]

54. Reppert, S.M.; Zhu, H.; White, R.H. Polarized Light Helps Monarch Butterflies Navigate. Curr. Biol. 2004, 14,
155–158. [CrossRef] [PubMed]

55. Heinze, S.; Reppert, S.M. Sun compass integration of skylight cues in migratory monarch butterflies. Neuron
2011, 69, 345–358. [CrossRef] [PubMed]

56. Zwicky, K.T. A light response in the tail of Urodacus, a scorpion. Life Sci. 1968, 7, 257–262. [CrossRef]
57. Wilkens, L.A. The crayfish caudal photoreceptor: Advances and questions after the first half century.

Comp. Biochem. Physiol. 1988, 91C, 61–68. [CrossRef]
58. Arikawa, K.; Eguchi, E.; Yoshida, A.; Aoki, K. Multiple extraocular photoreceptive areas on genitalia of

butterfly Papilio xuthus. Nature 1980, 288, 700–702. [CrossRef]
59. Arikawa, K.; Aoki, K. Response characteristics and occurence of extraocular photoreceptors on leipdopteran

genitalia. J. Comp. Physiol. A 1982, 148, 483–489. [CrossRef]
60. Merlin, C.; Gegear, R.J.; Reppert, S.M. Antennal circadian clocks coordinate sun compass orientation in

migratory monarch butterflies. Science 2009, 325, 1700–1704. [CrossRef] [PubMed]
61. Arikawa, K. Valva-Opening Response Induced by the Light Stimulation of the Genital Photoreceptors of

Male Butterflies. Naturwissenschaften 1993, 80, 326–328. [CrossRef]
62. Arikawa, K.; Takagi, N. Genital Photoreceptors Have Crucial Role in Oviposition in Japanese Yellow

Swallowtail Butterfly, Papilio xuthus. Zool. Sci. 2001, 18, 175–179. [CrossRef]
63. Arikawa, K. Hindsight of Butterflies. Bioscience 2001, 51, 219–225. [CrossRef]
64. Zhu, H.; Sauman, I.; Yuan, Q.; Casselman, A.; Emery-Le, M.; Emery, P.; Reppert, S.M. Cryptochromes

define a novel circadian clock mechanism in monarch butterflies that may underlie sun compass navigation.
PLoS Biol. 2008, 6, 0138–0155. [CrossRef] [PubMed]

65. Francis, C.D.; Barber, J.R. A framework for understanding noise impacts on wildlife: An urgent conservation
priority. Front. Ecol. Environ. 2013, 11, 305–313. [CrossRef]

66. Swaddle, J.P.; Francis, C.; Barber, J.R.; Cooper, C.B.; Kyba, C.C.M.; Dominoni, D.M.; Shannon, G.;
Aschehoug, E.; Goodwin, S.E.; Kawahara, A.Y.; et al. A framework to asses evolutionary responses to
anthropogenic light and sound. Trends Ecol. Evol. 2016, 30, 550–560. [CrossRef] [PubMed]

67. Shannon, G.; Mckenna, M.F.; Angeloni, L.M.; Crooks, K.R.; Fristrup, K.M.; Brown, E.; Warner, K.A.;
Nelson, M.D.; White, C.; Briggs, J.; et al. A synthesis of two decades of research documenting the effects of
noise on wildlife. Biol. Rev. 2015, 24. [CrossRef] [PubMed]

68. Kawahara, A.Y.; Plotkin, D.; Hamilton, C.; Gough, H.; St Laurent, R.; Owens, H.; Homziak, N.T.; Barber, J.R.
Diel behavior in moths and butterflies: A synthesis of data illuminates the evolution of temporal activity.
Org. Divers. Evol. 2018. [CrossRef]

69. Davies, T.W.; Duffy, J.P.; Bennie, J.; Gaston, K.J. The nature, extent, and ecological implications of marine
light pollution. Front. Ecol. Environ. 2014, 12, 347–355. [CrossRef]

70. Gaston, K.J.; Davies, T.W.; Nedelec, S.L.; Holt, L.A. Impacts of Artificial Light at Night on Biological Timings.
Annu. Rev. Ecol. Evol. Syst. 2017, 48, 49–68. [CrossRef]

71. Davies, T.W.; Smyth, T. Why artificial light at night should be a focus for global change research in the 21st
century. Glob. Chang. Biol. 2017, 1–11. [CrossRef] [PubMed]

72. Delhey, K.; Peters, A. Conservation implications of anthropogenic impacts on visual communication and
camouflage. Conserv. Biol. 2017, 31, 30–39. [CrossRef] [PubMed]

73. Kinoshita, M.; Shimada, N.; Arikawa, K. Colour vision of the foraging swallowtail butterfly Papilio xuthus.
J. Exp. Biol. 1999, 202, 95–102. [PubMed]

74. Koshitaka, H.; Arikawa, K.; Kinoshita, M. Intensity contrast as a crucial cue for butterfly landing. J. Comp.
Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 2011, 197, 1105–1112. [CrossRef] [PubMed]

75. Cory, J.S.; Goulson, D. Flower constancy and learning in foraging preferences of the green veined butterfly
Pieris napi. Ecol. Entomol. 1993, 18, 315–320.

76. Van Asch, M.; Visser, M.E. Phenology of Forest Caterpillars and Their Host Trees: The Importance of
Synchrony. Annu. Rev. Entomol. 2007, 52, 37–55. [CrossRef] [PubMed]

77. Aide, T.M.; Londoño, E.C. The Effects of Rapid Leaf Expansion on the Growth and Suvivorship of a
Lepidopteran Herbivore. Oikos 1989, 55, 66–70. [CrossRef]

http://dx.doi.org/10.1242/jeb.02713
http://www.ncbi.nlm.nih.gov/pubmed/17297139
http://dx.doi.org/10.1016/j.cub.2003.12.034
http://www.ncbi.nlm.nih.gov/pubmed/14738739
http://dx.doi.org/10.1016/j.neuron.2010.12.025
http://www.ncbi.nlm.nih.gov/pubmed/21262471
http://dx.doi.org/10.1016/0024-3205(68)90020-9
http://dx.doi.org/10.1016/0742-8413(88)90169-7
http://dx.doi.org/10.1038/288700a0
http://dx.doi.org/10.1007/BF00619786
http://dx.doi.org/10.1126/science.1176221
http://www.ncbi.nlm.nih.gov/pubmed/19779201
http://dx.doi.org/10.1007/BF01141907
http://dx.doi.org/10.2108/zsj.18.175
http://dx.doi.org/10.1641/0006-3568(2001)051%5B0219:HOB%5D2.0.CO;2
http://dx.doi.org/10.1371/journal.pbio.0060004
http://www.ncbi.nlm.nih.gov/pubmed/18184036
http://dx.doi.org/10.1890/120183
http://dx.doi.org/10.1016/j.tree.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26169593
http://dx.doi.org/10.1111/brv.12207
http://www.ncbi.nlm.nih.gov/pubmed/26118691
http://dx.doi.org/10.1007/s13127-017-0350-6
http://dx.doi.org/10.1890/130281
http://dx.doi.org/10.1146/annurev-ecolsys-110316-022745
http://dx.doi.org/10.1111/gcb.13927
http://www.ncbi.nlm.nih.gov/pubmed/29124824
http://dx.doi.org/10.1111/cobi.12834
http://www.ncbi.nlm.nih.gov/pubmed/27604521
http://www.ncbi.nlm.nih.gov/pubmed/9851899
http://dx.doi.org/10.1007/s00359-011-0671-4
http://www.ncbi.nlm.nih.gov/pubmed/21847617
http://dx.doi.org/10.1146/annurev.ento.52.110405.091418
http://www.ncbi.nlm.nih.gov/pubmed/16842033
http://dx.doi.org/10.2307/3565873


Insects 2018, 9, 22 22 of 25

78. Singer, M.C.; Parmesan, C. Phenological asynchrony between herbivorous insects and their hosts: Signal
of climate change or pre-existing adaptive strategy? Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 3161–3176.
[CrossRef] [PubMed]

79. Posledovich, D.; Toftegaard, T.; Wiklund, C.; Ehrlén, J.; Gotthard, K. The developmental race between
maturing host plants and their butterfly herbivore—The influence of phenological matching and temperature.
J. Anim. Ecol. 2015, 84, 1690–1699. [CrossRef] [PubMed]

80. Sandre, S.-L.; Stevens, M.; Mappes, J. The effect of predator appetite, prey warning coloration and luminance
on predator foraging decisions. Behaviour 2010, 147, 1121–1143. [CrossRef]

81. Olofsson, M.; Vallin, A.; Jakobsson, S.; Wiklund, C. Marginal eyespots on butterfly wings deflect bird attacks
under low light intensities with UV wavelengths. PLoS ONE 2010, 5. [CrossRef] [PubMed]

82. Pegram, K.V.; Han, H.A.; Rutowski, R.L. Overnight perching aggregations of the aposematic Pipevine
Swallowtail (Battus philenor: Lepidoptera: Papilionidae): Implications for predation risk and warning signal
use. J. Res. Lepid. 2012, 45, 9–16.

83. Douglas, J.M. Ambient Light Environment and the Evolution of Brigthness, Chroma, and Perceived Chromaticity in
the Warning Signals of Butterflies; Arizona State University: Tempe, AZ, USA, 2013.

84. Bergman, M.; Gotthard, K.; Berger, D.; Olofsson, M.; Kemp, D.J.; Wiklund, C. Mating success of resident
versus non-resident males in a territorial butterfly. Proc. R. Soc. B Biol. Sci. 2007, 274, 1659–1665. [CrossRef]
[PubMed]

85. Bergman, M.; Lessios, N.; Seymoure, B.M.; Rutowski, R.L. Mate detection in a territorial butterfly—The effect
of background and luminance contrast. Behav. Ecol. 2015, 26, 851–860. [CrossRef]

86. Gilbert, L.E. Ecological consequences of a coevolved mutualism between butterflies and plants. In Coevolution
of Animals and Plants; Gilbert, L.E., Raven, P., Eds.; University of Texas Pres: Austin, TX, USA, 1975;
pp. 210–240.

87. Rutowski, R.L.; Rajyaguru, P.K. Male-specific Iridescent Coloration in the Pipevine Swallowtail (Battus
philenor) is Used in Mate Choice by Females but not Sexual Discrimination by Males. J. Insect Behav. 2012.
[CrossRef]

88. White, T.E.; Zeil, J.; Kemp, D.J. Signal design and courtship presentation coincide for highly biased delivery
of an iridescent butterfly mating signal. Evolution 2015, 69, 14–25. [CrossRef] [PubMed]

89. Chowdhury, S.; Soren, R. Light attracted butterflies: A review from the Indian sub-region with an inventory
from West Bengal, India. J. Threat. Taxa 2011, 3, 1868–1871. [CrossRef]

90. Kolligs, D. Ecological effects of artificial light sources on nocturnally active insects, in particular on butterflies
(Lepidoptera). Faunist. Oekol. Mitt. Suppl. 2000, 28, 1–136.

91. Beshkov, S. Butterflies and day-flying moths in light traps (Lepidoptera). Phegea 1998, 3, 118–120.
92. Minnaar, C.; Boyles, J.G.; Minnaar, I.A.; Sole, C.L.; Mckechnie, A.E. Stacking the odds: Light pollution may

shift the balance in an ancient predator-prey arms race. J. Appl. Ecol. 2015, 52, 522–531. [CrossRef]
93. Wakefield, A.; Stone, E.L.; Jones, G.; Harris, S. Light-emitting diode street lights reduce last-ditch evasive

manoeuvres by moths to bat echolocation. R. Soc. Open Sci. 2015, 6. [CrossRef] [PubMed]
94. Macgregor, C.J.; Pocock, M.J.O.; Fox, R.; Evans, D.M. Pollination by nocturnal Lepidoptera, and the effects of

light pollution: A review. Ecol. Entomol. 2015, 40, 187–198. [CrossRef] [PubMed]
95. Seymoure, B.M. Heliconius in a New Light: The Effects of Light Environments on Mimetic Coloration, Behavior, and

Visual Systems; Arizona State University: Tempe, AZ, USA, 2016.
96. Bergman, M.; Wiklund, C. Visual mate detection and mate flight pursuit in relation to sunspot size in a

woodland territorial butterfly. Anim. Behav. 2009, 78, 17–23. [CrossRef]
97. Wu, S.; Refinetti, R.; Kok, L.T.; Youngman, R.R.; Reddy, V.P.; Xue, F.; Wu, S.; Refinetti, R.; Kok, L.T.;

Youngman, R.R. Photoperiod and Temperature Effects on the Adult Eclosion and Mating Rhythms in
Pseudopidorus fasciata (Lepidoptera: Zygaenidae). Environ. Entomol. 2014, 43, 1650–1655. [CrossRef]
[PubMed]

98. Sencio, K. Daily Eclosion Patterns in Nymphalid Butterflies and Their Causes, Ph.D. Thesis, Arizona State
University, Tempe, AZ, USA, 2017.

99. Sauman, I.; Briscoe, A.D.; Zhu, H.; Shi, D.; Froy, O.; Stalleicken, J.; Yuan, Q.; Casselman, A.; Reppert, S.M.
Connecting the navigational clock to sun compass input in monarch butterfly brain. Neuron 2005, 46, 457–467.
[CrossRef] [PubMed]

http://dx.doi.org/10.1098/rstb.2010.0144
http://www.ncbi.nlm.nih.gov/pubmed/20819810
http://dx.doi.org/10.1111/1365-2656.12417
http://www.ncbi.nlm.nih.gov/pubmed/26114999
http://dx.doi.org/10.1163/000579510X507001
http://dx.doi.org/10.1371/journal.pone.0010798
http://www.ncbi.nlm.nih.gov/pubmed/20520736
http://dx.doi.org/10.1098/rspb.2007.0311
http://www.ncbi.nlm.nih.gov/pubmed/17472909
http://dx.doi.org/10.1093/beheco/arv020
http://dx.doi.org/10.1007/s10905-012-9348-2
http://dx.doi.org/10.1111/evo.12551
http://www.ncbi.nlm.nih.gov/pubmed/25328995
http://dx.doi.org/10.11609/JoTT.o2476.1868-71
http://dx.doi.org/10.1111/1365-2664.12381
http://dx.doi.org/10.1098/rsos.150291
http://www.ncbi.nlm.nih.gov/pubmed/26361558
http://dx.doi.org/10.1111/een.12174
http://www.ncbi.nlm.nih.gov/pubmed/25914438
http://dx.doi.org/10.1016/j.anbehav.2009.02.005
http://dx.doi.org/10.1603/EN14164
http://www.ncbi.nlm.nih.gov/pubmed/25479201
http://dx.doi.org/10.1016/j.neuron.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15882645


Insects 2018, 9, 22 23 of 25

100. Grenis, K.; Tjossem, B.; Murphy, S.M. Predation of larval Lepidoptera in habitat fragments varies spatially
and temporally but is not affected by light pollution. J. Insect Conserv. 2015, 19, 559–566. [CrossRef]

101. Gotthard, K. Increased risk of predation as a cost of high growth rate: An experimental test in a butterfly.
J. Anim. Ecol. 2000, 69, 896–902. [CrossRef] [PubMed]

102. Devries, P.J. The Butterflies of Costa Rica and Their Natural History, Volume I: Papilionidae, Pieridae, Nymphalidae;
Princeton University Press: Princeton, NJ, USA, 1987.

103. Takeuchi, T. Mate-locating behavior of the butterfly Lethe diana (Lepidoptera: Satyridae): Do males diurnally
or seasonally change their mating strategy? Zool. Sci. 2010, 27, 821–825. [CrossRef] [PubMed]

104. Niesenbaum, R.A.; Kluger, E.C. When studying the effects of light on herbivory, should one consider
temperature? The case of Epimecis hortaria F. (Lepidoptera: Geometridae) feeding on Lindera benzoin L.
(Lauraceae). Environ. Entomol. 2006, 35, 600–606. [CrossRef]

105. Bennie, J.; Davies, T.W.; Cruse, D.; Inger, R.; Gaston, K.J. Cascading effects of artificial light at night:
Resource-mediated control of herbivores in a grassland ecosystem. Philos. Trans. R. Soc. Lond. B Biol. Sci.
2015, 370, 20140131. [CrossRef] [PubMed]

106. Longcore, T. Sensory ecology: Night lights alter reproductive behavior of blue tits. Curr. Biol. 2010, 20,
R893–R895. [CrossRef] [PubMed]

107. Dominoni, D.M.; Partecke, J. Does light pollution alter daylength? A test using light loggers on free-ranging
European blackbirds (Turdus merula). Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2015, 370. [CrossRef] [PubMed]

108. Arikawa, K.; Uchiumi, K.; Eguchi, E. Extraocular photoreceptors in the last abdominal ganglion of a
swallowtail butterfly, Papilio xuthus. Naturwissenschaften 1991, 78, 82–84. [CrossRef]

109. Saunders, D.S.; Lewis, R.D.; Warman, G.R. Photoperiodic induction of diapause: Opening the black box.
Physiol. Entomol. 2004, 29, 1–15. [CrossRef]

110. Paranjpe, D.A.; Sharma, V.K. Evolution of temporal order in living organisms. J. Circ. Rhythm. 2005, 3, 7.
[CrossRef] [PubMed]

111. Sheppard, P.M.; Turner, J.R.G.; Brown, K.S.; Benson, W.W.; Singer, M.S. Genetics and the Evolution of
Muellerian Mimicry in Heliconius Butterflies. Philos. Trans. R. Soc. B. Biol. Sci. 1985, 308, 433–610. [CrossRef]

112. Russell, F.L.; Louda, S.M. Phenological synchrony affects interaction strength of an exotic weevil with Platte
thistle, a native host plant. Oecologia 2004, 139, 525–534. [CrossRef] [PubMed]

113. Forkner, R.E.; Marquis, R.J.; Lill, J.T.; Corff, J. Le Timing is everything? Phenological synchrony and
population variability in leaf-chewing herbivores of Quercus. Ecol. Entomol. 2008, 33, 276–285. [CrossRef]

114. Rafferty, N.E.; Caradonna, P.J.; Burkle, L.A.; Iler, A.M.; Bronstein, J.L. Phenological overlap of interacting
species in a changing climate: An assessment of available approaches. Ecol. Evol. 2013, 3, 3183–3193.
[CrossRef] [PubMed]

115. Richard, H.; Somers-yeates, R.; Bennie, J.; Economou, T.; Hodgson, D.; Spalding, A.; Mcgregor, P.K.; Bennie, J.;
Economou, T.; Hodgson, D.; et al. Light pollution is associated with earlier tree budburst across the United
Kingdom. Proc. R. Soc. B 2016. [CrossRef]

116. Gotthard, K.; Nylin, S.; Wiklund, C. Seasonal plasticity in two satyrine butterflies: State-dependent decision
making in relation to daylength. Oikos 1999, 84, 453–462. [CrossRef]

117. Niepoth, N.; Ke, G.; de Roode, J.C.; Groot, A.T. Comparing Behavior and Clock Gene Expression between
Caterpillars, Butterflies, and Moths. J. Biol. Rhythms 2017. [CrossRef] [PubMed]

118. Kyba, C.C.M.; Kuester, T.; Sánchez De Miguel, A.; Baugh, K.; Jechow, A.; Hölker, F.; Bennie, J.; Elvidge, C.D.;
Gaston, K.J.; Guanter, L. Artificially lit surface of Earth at night increasing in radiance and extent. Sci. Adv.
2017, 3, 1–9. [CrossRef] [PubMed]

119. Tomioka, K.; Matsumoto, A. Circadian molecular clockworks in non-model insects. Curr. Opin. Insect Sci.
2015, 7, 58–64. [CrossRef]

120. Danks, H.V. How similar are daily and seasonal biological clocks? J. Insect Physiol. 2005, 51, 609–619.
[CrossRef] [PubMed]

121. Ross, J.A.; Matter, S.F.; Roland, J. Edge avoidance and movement of the butterfly Parnassius smintheus in
matrix and non-matrix habitat. Landsc. Ecol. 2005, 20, 127–135. [CrossRef]

122. Dover, J.; Settele, J. The influences of landscape structure on butterfly distribution and movement: A review.
J. Insect Conserv. 2009, 13, 3–27. [CrossRef]

123. Papageorgis, C. Mimicry in Neotropical Butterflies: Why are there so many different wing-coloration
complexes in one place? Am. Sci. 1975, 63, 522–532. [CrossRef]

http://dx.doi.org/10.1007/s10841-015-9777-2
http://dx.doi.org/10.1046/j.1365-2656.2000.00432.x
http://www.ncbi.nlm.nih.gov/pubmed/29313992
http://dx.doi.org/10.2108/zsj.27.821
http://www.ncbi.nlm.nih.gov/pubmed/20887180
http://dx.doi.org/10.1603/0046-225X-35.3.600
http://dx.doi.org/10.1098/rstb.2014.0131
http://www.ncbi.nlm.nih.gov/pubmed/25780243
http://dx.doi.org/10.1016/j.cub.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20971434
http://dx.doi.org/10.1098/rstb.2014.0118
http://www.ncbi.nlm.nih.gov/pubmed/25780232
http://dx.doi.org/10.1007/BF01206264
http://dx.doi.org/10.1111/j.1365-3032.2004.0369.x
http://dx.doi.org/10.1186/1740-3391-3-7
http://www.ncbi.nlm.nih.gov/pubmed/15869714
http://dx.doi.org/10.1098/rstb.1985.0066
http://dx.doi.org/10.1007/s00442-004-1543-1
http://www.ncbi.nlm.nih.gov/pubmed/15057555
http://dx.doi.org/10.1111/j.1365-2311.2007.00976.x
http://dx.doi.org/10.1002/ece3.668
http://www.ncbi.nlm.nih.gov/pubmed/24102003
http://dx.doi.org/10.1098/rspb.2016.0813
http://dx.doi.org/10.2307/3546424
http://dx.doi.org/10.1177/0748730417746458
http://www.ncbi.nlm.nih.gov/pubmed/29277154
http://dx.doi.org/10.1126/sciadv.1701528
http://www.ncbi.nlm.nih.gov/pubmed/29181445
http://dx.doi.org/10.1016/j.cois.2014.12.006
http://dx.doi.org/10.1016/j.jinsphys.2005.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15993125
http://dx.doi.org/10.1007/s10980-004-1010-8
http://dx.doi.org/10.1007/s10841-008-9135-8
http://dx.doi.org/10.2307/27845678


Insects 2018, 9, 22 24 of 25

124. Mallet, J.; Gilbert, L.E. Why are there so many mimicry rings? Correlations between habitat, behaviour and
mimicry in Heliconius butterflies. Biol. J. Linn. Soc. 1995, 55, 159–180. [CrossRef]

125. Ockinger, E.; Dyck, H. Van Landscape Structure Shapes Habitat Finding Ability in a Butterfly. PLoS ONE
2012, 7, e41517. [CrossRef] [PubMed]

126. Turlure, C.; Schtickzelle, N.; Van Dyck, H.; Seymoure, B.; Rutowski, R. Flight Morphology, Compound
Eye Structure and Dispersal in the Bog and the Cranberry Fritillary Butterflies: An Inter- and Intraspecific
Comparison. PLoS ONE 2016, 11, e0158073. [CrossRef] [PubMed]

127. Luck, G.W.; Daily, G.C.; Ehrlich, P.R. Population diversity and ecosystem services. Trends Ecol. Evol. 2003, 18,
331–336. [CrossRef]

128. Rutowski, R.L.; Macedonia, J.M.; Merry, J.W.; Morehouse, N.I.; Yturralde, K.; Taylor-Taft, L.; Gaalema, D.;
Kemp, D.J.; Papke, R.S. Iridescent ultraviolet signal in the orange sulphur butterfly (Colias eurytheme): Spatial,
temporal and spectral properties. Biol. J. Linn. Soc. 2007, 90, 349–364. [CrossRef]

129. Rutowski, R.L.; Nahm, A.C.; Macedonia, J.M. Iridescent hindwing patches in the Pipevine Swallowtail:
Differences in dorsal and ventral surfaces relate to signal function and context. Funct. Ecol. 2010. [CrossRef]

130. Stevenson, D.E.; Harris, M.K. Determining circadian response of adult male Acrobasis nuxvorella
(Lepidoptera: Pyralidae) to synthetic sex attractant pheromone through time-segregated trapping with a
new clockwork timing trap. Environ. Entomol. 2009, 38, 1690–1696. [CrossRef] [PubMed]

131. Ide, J.Y. Weather factors affecting the male mate-locating tactics of the small copper butterfly (Lepidoptera:
Lycaenidae). Eur. J. Entomol. 2010, 107, 369–376. [CrossRef]

132. Kinoshita, M.; Yamazato, K.; Arikawa, K. Polarization-based brightness discrimination in the foraging
butterfly, Papilio xuthus. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 688–696. [CrossRef] [PubMed]

133. Cott, H.B. Adaptive Coloration in Animals; Methuen and Co: London, UK, 1940.
134. Edmunds, M. Defence in Animals; Prentice Hall Press: Upper Saddle River, NJ, USA, 1974.
135. Ruxton, G.D.; Sherratt, T.N.; Speed, M.P. Avoiding Attack: The Evolutionary Ecology of Crypsis, Warning Signals

& Mimicry; Oxford University Press: Oxford, UK, 2004.
136. Bohlin, T.; Tullberg, B.S.; Merilaita, S. The effect of signal appearance and distance on detection risk in an

aposematic butterfly larva (Parnassius apollo). Anim. Behav. 2008, 76, 577–584. [CrossRef]
137. Seymoure, B.M.; Aiello, A. Keeping the band together: Evidence for false boundary disruptive coloration in

a butterfly. J. Evol. Biol. 2015, 28, 1618–1624. [CrossRef] [PubMed]
138. Seymoure, B.M.; Raymundo, A.; McGraw, K.J.; Owen McMillan, W.; Rutowski, R.L. Environment-dependent

attack rates of cryptic and aposematic butterflies. Curr. Zool. 2017, 1–7. [CrossRef]
139. Brower, L.P. Ecological chemistry. Sci. Am. 1969, 220, 22–29. [CrossRef] [PubMed]
140. Pinheiro, C.E.G. Palatability and escaping ability in neotropical butterflies: Tests with wild kingbirds

(Tyrannus melancholicus, Tyrannidae). Biol. J. Linn. Soc. 1996, 59, 351–365. [CrossRef]
141. Chai, P. Field observations and feeding experiments on the responses of rufous-tailed jacamars

(Galbula ruficauda) to free-flying butterflies in a tropical rainforest. Biol. J. Linn. Soc. 1986, 29, 161–189.
[CrossRef]

142. Thurman, T.; Seymoure, B.M. A Bird’s Eye View of Two Mimetic Tropical Butterflies: Coloration Matches
Predator’s Sensitivity. J. Zool. 2016, 298, 159–168. [CrossRef]

143. Kodandaramaiah, U. The evolutionary significance of butterfly eyespots. Behav. Ecol. 2011, 22, 1264–1271.
[CrossRef]

144. Olofsson, M.; Jakobsson, S.; Wiklund, C. Bird attacks on a butterfly with marginal eyespots and the role of
prey concealment against the background. Biol. J. Linn. Soc. 2013, 109, 290–297. [CrossRef]

145. Merilaita, S.; Vallin, A.; Kodandaramaiah, U.; Dimitrova, M.; Ruuskanen, S.; Laaksonen, T. Number of
eyespots and their intimidating effect on naive predators in the peacock butterfly. Behav. Ecol. 2011, 22,
1326–1331. [CrossRef]

146. Nylin, S.; Wickman, P.-O.; Wiklund, C. Seasonal plasticity in growth and development of the speckled wood
butterfly, Pararge aegeria (Satyrinae). Biol. J. Linn. Soc. 1989, 38, 155–171. [CrossRef]

147. Letallec, T.; Théry, M.; Perret, M. Effects of light pollution on seasonal estrus and daily rhythms in a nocturnal
primate. J. Mammal. 2015, 96, 438–445. [CrossRef]

148. Bell, R.A.; Rasul, C.G.; Joachim, F.G. Photoperiodic induction of the pupal diapause in the tobacco hornworm,
Manduca sexta. J. Insect Physiol. 1975, 21, 1471–1480. [CrossRef]

http://dx.doi.org/10.1111/j.1095-8312.1995.tb01057.x
http://dx.doi.org/10.1371/journal.pone.0041517
http://www.ncbi.nlm.nih.gov/pubmed/22870227
http://dx.doi.org/10.1371/journal.pone.0158073
http://www.ncbi.nlm.nih.gov/pubmed/27336590
http://dx.doi.org/10.1016/S0169-5347(03)00100-9
http://dx.doi.org/10.1111/j.1095-8312.2007.00749.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01693.x
http://dx.doi.org/10.1603/022.038.0622
http://www.ncbi.nlm.nih.gov/pubmed/20021765
http://dx.doi.org/10.14411/eje.2010.046
http://dx.doi.org/10.1098/rstb.2010.0200
http://www.ncbi.nlm.nih.gov/pubmed/21282172
http://dx.doi.org/10.1016/j.anbehav.2008.02.012
http://dx.doi.org/10.1111/jeb.12681
http://www.ncbi.nlm.nih.gov/pubmed/26109438
http://dx.doi.org/10.1093/cz/zox062
http://dx.doi.org/10.1038/scientificamerican0269-22
http://www.ncbi.nlm.nih.gov/pubmed/5767170
http://dx.doi.org/10.1111/j.1095-8312.1996.tb01471.x
http://dx.doi.org/10.1111/j.1095-8312.1986.tb01772.x
http://dx.doi.org/10.1111/jzo.12305
http://dx.doi.org/10.1093/beheco/arr123
http://dx.doi.org/10.1111/bij.12063
http://dx.doi.org/10.1093/beheco/arr135
http://dx.doi.org/10.1111/j.1095-8312.1989.tb01571.x
http://dx.doi.org/10.1093/jmammal/gyv047
http://dx.doi.org/10.1016/0022-1910(75)90210-3


Insects 2018, 9, 22 25 of 25

149. van Langevelde, F.; Ettema, J.A.; Donners, M.; WallisDeVries, M.F.; Groenendijk, D. Effect of spectral
composition of artificial light on the attraction of moths. Biol. Conserv. 2011, 144, 2274–2281. [CrossRef]

150. Somers-Yeates, R.; Hodgson, D.; McGregor, P.K.; Spalding, A.; Ffrench-Constant, R.H. Shedding light on
moths: Shorter wavelengths attract noctuids more than geometrids. Biol. Lett. 2013, 9. [CrossRef] [PubMed]

151. Lacoeuilhe, A.; Machon, N.; Julien, J.F.; Le Bocq, A.; Kerbiriou, C. The influence of low intensities of light
pollution on bat communities in a semi-natural context. PLoS ONE 2014, 9. [CrossRef] [PubMed]

152. Stone, E.L.; Wakefield, A.; Harris, S.; Jones, G.; Stone, E.L. The impacts of new street light technologies:
Experimentally testing the effects on bats of changing from low-pressure sodium to white metal halide.
Philos. Trans. R. Soc. B 2015, 370, 20140127. [CrossRef] [PubMed]

153. Schoeman, M.C. Light pollution at stadiums favors urban exploiter bats. Anim. Conserv. 2016, 19, 120–130.
[CrossRef]

154. Brooks, T.M.; Mittermeier, R.A.; Mittermeier, C.G.; da Fonseca, G.A.B.; Rylands, A.B.; Konstant, W.R.; Flick, P.;
Pilgrim, J.; Oldfield, S.; Magin, G.; et al. Society for Conservation Biology Habitat Loss and Extinction in the
Hotspots of Biodiversity Habitat Loss and Extinction in the Hotspots of Biodiversity. Source Conserv. Biol.
2002, 16, 909–923. [CrossRef]

155. Crooks, K.R.; Burdett, C.L.; Theobald, D.M.; King, S.R.B.; Di, M.; Rondinini, C. Quantification of habitat
fragmentation reveals extinction risk in terrestrial mammals. Proc. Natl. Acad. Sci. USA 2017, 114, 7635–7640.
[CrossRef] [PubMed]

156. Heinrichs, J.A.; Bender, D.J.; Schumaker, N.H. Habitat degradation and loss as key drivers of regional
population extinction. Ecol. Model. 2016, 335, 64–73. [CrossRef]

157. Hambler, C.; Henderson, P.A.; Speight, M.R. Extinction rates, extinction-prone habitats, and indicator groups
in Britain and at larger scales. Biol. Conserv. 2011, 144, 713–721. [CrossRef]

158. Krauss, J.; Bommarco, R.; Guardiola, M.; Heikkinen, R.K.; Helm, A.; Kuussaari, M.; Lindborg, R.; Öckinger, E.;
Pärtel, M.; Pino, J.; et al. Habitat fragmentation causes immediate and time-delayed biodiversity loss at
different trophic levels. Ecol. Lett. 2010, 13, 597–605. [CrossRef] [PubMed]

159. Thomas, J.A.; Simcox, D.J.; Clarke, R.T. Successful Conservation of a Threatened Maculinea Butterfly. Science
2009, 325, 80–83. [CrossRef] [PubMed]

160. Endler, J.A. Light, behavior, and conservation of forest-dwelling organisms. In Behavioral Approaches to
Conservation in the Wild; Cambridge University Press: Cambridge, UK, 1997; pp. 329–356.

161. Leal, M.; Fleishman, L.J. Evidence for habitat partitioning based on adaptation to environmental light in a
pair of sympatric lizard species. Proc. Biol. Sci. 2001, 269, 351–359. [CrossRef] [PubMed]

162. Hutton, P.; Ligon, R.A.; McGraw, K.J.; Seymoure, B.M.; Simpson, R.K. Dynamic color communication.
Curr. Opin. Behav. Sci. 2015, 6, 41–49. [CrossRef]

163. Cronin, T.W.; Shashar, N.; Caldwell, R.L.; Marshall, J.; Cheroske, A.G.; Chiou, T.-H. Polarization vision and
its role in biological signaling. Integr. Comp. Biol. 2003, 43, 549–558. [CrossRef] [PubMed]

164. Cronin, T.W.; Johnsen, S.; Marshall, N.J.; Warrant, E.J. Visual Ecology; Princeton University Press: Princeton,
NJ, USA, 2014.

165. Kricher, J. Tropical Ecology; Princeton University Press: Princeton, NJ, USA, 2011.
166. Gaston, K.J.; Davies, T.W.; Bennie, J.; Hopkins, J. Reducing the ecological consequences of night-time light

pollution: Options and developments. J. Appl. Ecol. 2012, 49, 1256–1266. [CrossRef] [PubMed]
167. Falchi, F.; Cinzano, P.; Elvidge, C.D.; Keith, D.M.; Haim, A. Limiting the impact of light pollution on human

health, environment and stellar visibility. J. Environ. Manag. 2011, 92, 2714–2722. [CrossRef] [PubMed]
168. Witherington, B.E.; Martin, R.E. Understanding, Assessing, and Resolving Light-Pollution Problems on Sea

Turtle Nesting Beaches. Chelonian Conserv. Biol. 2000, 2, 463.
169. Bogard, P. The End of Night: Searching for Natural Darkness in an Age of Artificial Light; Back Bay Books:

New York, NY, USA, 2013.

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biocon.2011.06.004
http://dx.doi.org/10.1098/rsbl.2013.0376
http://www.ncbi.nlm.nih.gov/pubmed/23720524
http://dx.doi.org/10.1371/journal.pone.0103042
http://www.ncbi.nlm.nih.gov/pubmed/25360638
http://dx.doi.org/10.1098/rstb.2014.0127
http://www.ncbi.nlm.nih.gov/pubmed/25780239
http://dx.doi.org/10.1111/acv.12220
http://dx.doi.org/10.1046/j.1523-1739.2002.00530.x
http://dx.doi.org/10.1073/pnas.1705769114
http://www.ncbi.nlm.nih.gov/pubmed/28673992
http://dx.doi.org/10.1016/j.ecolmodel.2016.05.009
http://dx.doi.org/10.1016/j.biocon.2010.09.004
http://dx.doi.org/10.1111/j.1461-0248.2010.01457.x
http://www.ncbi.nlm.nih.gov/pubmed/20337698
http://dx.doi.org/10.1126/science.1175726
http://www.ncbi.nlm.nih.gov/pubmed/19541953
http://dx.doi.org/10.1098/rspb.2001.1904
http://www.ncbi.nlm.nih.gov/pubmed/11886622
http://dx.doi.org/10.1016/j.cobeha.2015.08.007
http://dx.doi.org/10.1093/icb/43.4.549
http://www.ncbi.nlm.nih.gov/pubmed/21680463
http://dx.doi.org/10.1111/j.1365-2664.2012.02212.x
http://www.ncbi.nlm.nih.gov/pubmed/23335816
http://dx.doi.org/10.1016/j.jenvman.2011.06.029
http://www.ncbi.nlm.nih.gov/pubmed/21745709
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


A bird’s eye view of two mimetic tropical butterflies:
coloration matches predator’s sensitivity
T. J. Thurman1,3 & B. M. Seymoure2,3

1 Redpath Museum and Department of Biology, McGill University, Montreal, QC,

2 School of Life Sciences, Arizona State University, Tempe, AZ, USA

3 The Smithsonian Tropical Research Institute, Panam!a, Panama

Keywords

avian visual models; Batesian mimicry; coloration;

Mimoides; Heliconius; JNDs; aposematism; UV

vision.

Correspondence

Brett Seymoure, School of Life Sciences, Arizona

State University, Tempe, AZ 85287. Tel: 269 501

8761

Email: brett.seymoure@gmail.com

Both authors contributed equally to this

manuscript.

Editor: Robert Knell

Received 22 June 2015; accepted 30 September

2015

doi:10.1111/jzo.12305

Abstract

Unprofitable prey with conspicuous warning signals are often mimicked by other
species, which then gain protection from predators. How closely two mimetic spe-
cies resemble one another depends upon the visual perception of the signal recei-
ver. However, most studies of mimetic coloration have been conducted using only
the human visual system, which differs greatly from that of most animals. To bet-
ter understand mimicry, we should study mimetic visual signals through the eyes
of the intended receiver. Here, we use avian visual models to test predictions of
putative Batesian mimicry in two Amazonian butterflies, Mimoides pausanias and
Heliconius sara. We calculated Just Noticeable Differences (JNDs) and tetrahedral
color volumes for 11 different patches: iridescent blue, yellow bars, red spots and
black background. Several color patches were not visually discriminable for both
avian visual systems (UV/VIS and V/VIS), and visual discrimination (i.e. degree of
mimicry) of color patches depended upon the avian visual system. These two but-
terfly species are more mimetic when viewed by their likely avian predators, which
have V/VIS vision. Therefore, this mimetic assemblage may have evolved to be
more spectrally accurate in the non-UV wavelengths which their avian predators
are able to see. However, while many color patches of the two species were mod-
eled to be difficult to discriminate, most color patches were not perfect matches
regardless of visual system, and several patches were very poor mimics. Through
this study we demonstrate the importance of testing putative mimetic assemblages
using known predator perceptual models and lay a foundation for behavioral stud-
ies to further test mimicry in H. sara and M. pausanius.

Introduction

The three players of Batesian mimicry are involved in an evo-
lutionary arms race: the palatable mimic is under selection to
resemble the model to avoid predator recognition, the unpalat-
able model is under selection to appear different from the
mimic, and the signal receiver (i.e. the predator) is under selec-
tion to improve discrimination between the model and mimic
(Bates, 1862; Dawkins & Krebs, 1979). Mimetic resemblance
is dependent upon the sensory ecology and physiology of the
signal receiver (Stevens, 2013). Much previous research on
mimicry has relied on our human perception and not the per-
ception of the ecologically relevant signal receiver (e.g. Lind-
str€om, Alatalo & Mappes, 1997). Colorful mimetic signals
have evolved in the context of visually guided predators, and
these predators may differ greatly in their visual capabilities.
Are individuals that appear similar to humans also mimetic in
the eyes of their predators, and do predators differ in their
ability to discriminate between mimics?

Recently there have been several tests of mimicry involving
predator perception. Through an exhaustive study of reef fish
mimicry, Cheney & Marshall (2009) found that individuals
with a greater number of photoreceptors were better able to
discriminate between mimics. Further work on mimicry in sala-
manders (Kraemer & Adams, 2014), orchids (Papadopulos
et al., 2013), avian brood parasites (Langmore et al., 2011;
Stoddard, 2012) and butterflies (Bybee et al., 2012; Stoddard,
2012; Llaurens, Joron & Th!ery, 2014) has shown the impor-
tance and specificity of predator perception in the evolution of
mimetic assemblages. Collectively, these studies demonstrate
that the effectiveness of mimicry is dependent upon the visual
system of the predator. However, most studies have only used
one predator (Langmore et al., 2011; Stoddard, 2012; Papadop-
ulos et al., 2013) or predators with very different visual sys-
tems (Kraemer & Adams, 2014). Cheney & Marshall (2009)
examined how mimetic individuals are perceived by different
predators with similar visual systems, but in a marine setting,
making comparisons to terrestrial systems difficult (Lythgoe,
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1979). Few studies have tested how differences in disparate
predator perception affect mimicry signals.
In terrestrial ecosystems, avian predators are an important

selective pressure on visual mimicry complexes due to birds’
sensitive color vision and high visual acuity (Stoddard & Ste-
vens, 2010). Birds are tetrachromatic, possessing four different
photoreceptors. The three photoreceptors tuned to the visible
spectrum (VIS) are conserved across bird species, and bird
visual systems are classified by the sensitivity of the fourth
photoreceptor. There are two categories: UV/VIS (ultraviolet
sensitive) and V/VIS (violet sensitive) (Vorobyev & Osorio,
1998; Hart et al., 2000; Hart & Hunt, 2007). The UV/VIS sys-
tem is common in non-flycatcher and non-corvid Passeri-
formes, while the V/VIS system is found in flycatchers and
most non-passerines (Hart et al., 2000). Birds with different
visual systems will likely differ in their ability to distinguish
between species in a mimetic pair, especially if the species’
coloration has an ultraviolet component; therefore, it is impor-
tant to test mimicry with the appropriate avian visual system.
Neotropical butterflies (Lepidoptera) are an excellent system

for studying mimicry. Indeed, the biologists who first
described defensive mimicry, H. W. Bates and F. M€uller,
derived their hypotheses from observations of butterflies in
South America (Bates, 1862; M€uller, 1879). The Neotropics
are known for diverse and complex mimicry systems of Lepi-
doptera, which primarily focus on unpalatable species in the
subfamilies Heliconiinae, Ithomiinae and Danainae (DeVries,
1987; Mallet & Gilbert, 1995). Here, we study a sexually
dimorphic butterfly, Mimoides pausanias, in which females are
similarly sized and colored to Heliconius sara; in eastern
Ecuador both species are black, yellow and blue (Fig. 1). The
aposematic H. sara has cyanogenic glycosides, and birds will
avoid attacking H. sara in aviaries (Chai, 1986). There are no
explicit tests of the palatability of M. pausanias, but there are

no known unpalatable species of Mimoides and the putatively
mimetic color is restricted to females, most likely rendering
this a Batesian relationship (De’Abrera, 1981). Furthermore,
both species occur in the same gap habitats and fly at the
same height to collect nectar from similar flowers (Lantana
spp, Salvia spp; pers. obs), again rendering them likely to be
mimetic to predators.
The main avian predators of Heliconius butterflies are tyrant

flycatchers (Tyrannidae) and jacamars (Galbulidae), neither of
which have ultraviolet sensitivity (Pinheiro, 1996, 2013; Hart,
2001). Observations of predation on Heliconius are rare and
we are unaware of instances in which birds with the UV/VIS
system have attacked Heliconius. Therefore, to be effective
mimics M. pausanias and H. sara may not need to match in
UV coloration. Here, we first test the hypothesis that H. sara
and M. pausanias are mimetic by measuring the coloration of
each species with spectrometry and then using visual models
of UV/VIS and V/VIS birds to determine whether these colors
are distinguishable to birds. We further hypothesize that these
two species of butterflies will be more mimetic to their avian
predators, which have the V/VIS visual system, than to avian
species with the UV/VIS, which are not likely predators of
these tropical butterflies. This work not only tests if there is a
H. sara mimetic assemblage, but also if mimetic assemblages
have been selected to match the visual sensitivities of their
predators.

Materials and methods

Specimen collection and preparation

In June 2014, we collected four female H. sara and four
female M. pausanias individuals near Tena, Ecuador (1°060280 0

S, 77°4504500W). Four M. pausanias female individuals were

H. M. pausanias

C

B

A

sara

E

F

D

(a) (b) (c)

(d) (e) (f)

Figure 1 Dorsal and ventral wing patch reflectance for females of H. sara and M. pausanias for select patches. The left wings represent H. sara,

whereas the right wings represent M. pausanias. Panels (a) and (d) are the dorsal and ventral yellow coloration, respectively, (b) and (e) are

dorsal and ventral black, (c) is the iridescent blue on the dorsal hindwing and (f) is the red on the ventral hindwing. The blue line represents the

average spectrum for M. pausanias, whereas the dashed red line represents the average for H. sara. The colored shading shows the 95 percent

confidence interval for each species. In panels (a) and (d), the dotted red lines represent the proximal yellow patch of H. sara.
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caught due to logistical constraints, to reduce population distur-
bances, and in certain locales it is suspected that only female
M. pausanias mimic H. sara (DeVries, 1987). A recent study
shows that four individuals are sufficient to test for the differ-
ences in spectral reflectance between species if each individual
patch is measured repeatedly (Dalrymple et al., 2015). Butter-
flies were collected with aerial nets and transported to the lab
in glassine envelopes. Individuals were then euthanized by
freezing, and each individual’s wings were mounted for mea-
surement on black cardstock with Scotch Photo Mount (3M,
St. Paul, MN, USA).

Reflectance measurements

Once butterfly wings were mounted, we measured the spectral
reflectance of each differently colored patch on both the dorsal
and ventral surface of each wing, including the yellow patches
of the forewing, black on both the forewing and hindwing,
and the iridescent blue patches on the forewing and hindwing
(Fig. 1, Table 1). All patches were measured at three separate
points where wing wear was minimal (see Supporting Informa-
tion for photographs of wings). Dorsal measures were taken
from the right wing and ventral measures were taken from the
left. Except for the iridescent blue patches, all patches were
diffusely reflecting, enabling us to use a bifurcated reflectance
probe connected to an Ocean Optics USB 2000 spectrora-

diometer (Dunedin, FL, USA). We first standardized the reflec-
tance measurements with a white standard (Spectralon
standard, Ocean Optics, Dunedin, FL, USA) and dark standard
in which we occluded any light reaching the spectroradiometer.
The reflectance probe was then held perpendicular to the wing
surface and reflectance spectra were gathered with SpectraSuite
software (Ocean Optics, Dunedin, FL, USA).
Hue and brightness of iridescent coloration depends upon

the angle of illumination and observation (Meadows et al.,
2011). Therefore, iridescent reflectance must be measured
under settings that control both illumination and viewing angle.
We placed the mounted wing on the stage of a light table, set
illumination angle and viewing angle to 60°, and then adjusted
the viewing angle until the iridescent patch was maximally
reflected (Meadows et al., 2011).

Light environment measurements

The light environment in which a color is viewed can affect a
viewer’s perception of that color (Endler, 1990; Stevens,
2013). We were unable to collect light environment measure-
ments from the habitats in Ecuador in which we collected
these animals. Previous research on tropical light environments
has demonstrated that they do not differ drastically between
different rainforests (Endler, 1993). Thus, we measured irradi-
ance and background spectra during mid-day in May 2014 in

Table 1 P-values for Just Noticeable Difference (JND) comparisons for chromatic contrasts between H. sara and M. pausanias

Patch Visual model JND # JNDs > 1

P, mean

JND > 1

# JNDs

> 3

P, mean

JND > 3

W, peafowl

JND < blue tit JND

P, peafowl

JND < blue tit JND

DFW-Blue Blue Tit (UV) 14.59 (5.47) 16 0.00017 16 0.00017 115 1

Peafowl (V) 11.70 (5.56) 16 0.00017 15 0.00285

DFW-Black Blue Tit (UV) 8.12 (5.39) 16 0.00017 12 0.42247 90 0.87786

Peafowl (V) 4.66 (3.29) 14 0.02299 10 1

DFW-Distal Yellow Blue Tit (UV) 6.92 (3.23) 15 0.00285 14 0.02299 30 0.00048

Peafowl (V) 2.80 (1.23) 15 0.00285 5 1

DFW-Proximal Yellow Blue Tit (UV) 3.55 (2.40) 15 0.00285 7 1 100 1

Peafowl (V) 2.15 (1.03) 13 0.11699 3 1

DHW-Black Blue Tit (UV) 12.23 (6.42) 16 0.00017 15 0.00285 123 1

Peafowl (V) 9.95 (6.53) 16 0.00017 14 0.02299

DHW-Blue Blue Tit (UV) 21.31 (11.06) 16 0.00017 16 0.00017 120 1

Peafowl (V) 16.96 (9.66) 16 0.00017 16 0.00017

VFW-Black Blue Tit (UV) 3.98 (2.05) 15 0.00285 9 1 115 1

Peafowl (V) 3.30 (1.72) 14 0.02299 7 1

VFW-Distal Yellow Blue Tit (UV) 5.21 (3.21) 15 0.00285 11 1 63 0.07459

Peafowl (V) 2.42 (1.30) 14 0.02299 4 1

VFW-Proximal Yellow Blue Tit (UV) 6.40 (2.81) 16 0.00017 14 0.02299 44 0.00583

Peafowl (V) 3.11 (1.16) 15 0.00285 9 1

VHW-Black Blue Tit (UV) 11.50 (4.78) 16 0.00017 15 0.00285 47 0.00922

Peafowl (V) 5.72 (2.70) 16 0.00017 14 0.02299

VHW-Red Blue Tit (UV) 0.71 (0.43) 4 1 0 1 140 1

Peafowl (V) 0.66 (0.39) 3 1 0 1

Mean JNDs are given for each patch under each visual system, with standard deviations in parentheses. The patch names are represented by

the location (D for dorsal, V for ventral, FW for forewing, and HW for hindwing) and the color. The number of JNDs greater than 1 and 3 are

shown with Bonferroni-corrected P-values for sign tests examining whether the mean JND is significantly greater than 1 or 3. Bolded values indi-

cate that the JND for that patch are not significantly different from 1 or 3. The final columns present the test statistic, W, and Bonferroni-cor-

rected P-values for one-tailed Mann–Whitney tests of whether the mean JND under the peafowl model is less than the mean JND under the

blue tit model, with significant P-values in bold.
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lowland tropical rainforest in Soberania National Park, Panama
(9.1167°N, 79.7000°W), which is similar to other rainforest
irradiance (Endler, 1993).
Heliconius sara and M. pausanias both occur in disturbed

rainforest and are frequently found in bright, open forest gaps
(DeVries, 1987). We therefore measured the light environment
of large gaps, which are characterized by no or little vegetative
cover. We measured irradiance using a cosine-corrected irradi-
ance probe, a USB 2000 Ocean Optics spectroradiometer and
SpectraSuite software (Ocean Optics, Dunedin, FL, USA). We
also characterized the spectral properties of the background
against which these butterflies occur by measuring background
radiance. Each radiance spectra were collected under optimal
integration time using SpectraSuite software and a collimating
radiance lens connected to an Ocean Optics USB 2000 spec-
troradiometer via an optic fiber (Ocean Optics, Dunedin, FL,
USA).

Data processing and visual models

All data processing and analysis was performed using the pavo
package version 0.5-1 (Maia et al., 2013) implemented in R
version 3.1.2 (R Core Team, 2013). To determine how well
avian predators might discriminate the wing colors of M. pau-
sanias and H. sara, we calculated the Just Noticeable Differ-
ences (JNDs) of each of the eleven wing patches we
measured. JNDs quantify the discriminability of two colors,
with JNDs less than one being physiologically indistinguish-

able by the viewer due to the large signal to noise ratio within
the photoreceptor (Vorobyev & Osorio, 1998; Osorio & Voro-
byev, 2005). Two colors with a JND above one will be seen
as different colors of stationary objects when side by side in
bright light. In more natural settings, two colors with a JND of
three or less are unlikely to be seen as different (Siddiqi et al.,
2004; Langmore et al., 2011). Furthermore, coloration is per-
ceived by both chromatic differences (e.g. short wavelengths
vs. long wavelengths) and by achromatic differences (e.g. gray
vs. black). Therefore, we performed both chromatic and achro-
matic JND comparisons.
Within each color patch, the three reflectance measures were

averaged and smoothed using pavo (Maia et al., 2013). We
then generated quantum catches of these colors with the von
Kries transformation (Vorobyev & Osorio, 1998). Using the
environmental measurements from Panama, we included tropi-
cal irradiance and tropical background vegetation in the visual
models. Finally, we calculated chromatic and achromatic JNDs
under two different models of bird vision (Vorobyev & Osorio,
1998; Hart, 2001). We used the visual system of the blue tit
Parus caerulus as a model for UV/VIS (ultraviolet sensitive)
vision (Hart et al., 2000), and that of the peafowl Pavo crista-
tus as a model for V/VIS (non-UV sensitive) vision (Hart,
2002). Therefore, the lambda max values for the spectral sensi-
tivities were 371, 448, 503 and 563 for the UV/VIS (blue tit)
visual system and 421, 457, 505 and 563 for the V/VIS (pea-
fowl) visual system (Hart, 2001). For the achromatic visual
models the double cones were used with lambda max of 503
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Figure 2 Chromatic and achromatic Just Noticeable Differences (JNDs) between H. sara and M. pausanias for both avian visual systems at 11

different color patches. The patch names are represented by the location (D for dorsal, V for ventral, FW for forewing, and HW for hindwing) and

the color. Circles mark the mean JND for each patch, and the error bars show the standard deviation for each mean.
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for the blue tit and 504 for the peafowl (Hart, 2001). The cone
abundances were set to 1:1.9:2.68:2.7 for the blue tit model
and 1:1.9:2.2:2.1 for the pea fowl (Hart, 2001, 2002. We only
included neural noise, not quantum noise. For further details of
the models, see the R code in Supporting Information.
Although the two species we used as the visual models do not

occur in the tropics, avian visual systems are conserved and both
models are reliable approximations of the visual sensitivities of
Neotropical UV/VIS and V/VIS birds (Hart, 2001). We calcu-
lated all 16 possible pairwise JNDs between the four individuals
of each species, and then found the mean JND for each color
patch. The JNDs for each patch were idiosyncratically dis-
tributed, often highly skewed, and not normal. For these reasons,
we used nonparametric sign tests. Because JNDs are threshold
measures, differences are only biologically relevant when they
are greater than the chosen threshold. Therefore, we used one-
tailed tests to determine whether the mean JND was greater than
1 or 3. We also hypothesized that the blue tit visual model
would be better able to distinguish between color patches, as
Heliconius color patterns can have a UV component. To test
this, we used one-tailed Mann–Whitney tests to determine
whether the mean JND under the blue tit model was greater than
the mean JND under the peafowl model. For all tests we exam-
ined 11 patches and used Bonferroni correction to adjust P-val-
ues to account for multiple testing.
We further tested the color match for each analogous patch

between these species by comparing color volumes within
avian tetrahedral color space. Color volumes encompass the
variation in the color patch within avian perceptual color space
(Stoddard & Prum, 2011). If two volumes are near and/or
overlap, they are very similar if not identical as seen by the
receiver (Stoddard & Prum, 2011). For this analysis, we did
not average reflectance spectra within a patch, and instead used
all 12 measures per species for each patch (3 measures 9 4
individuals) to characterize the full color space occupied by
each patch. We used pavo functions to plot convex hulls of
the color space for each species and calculate the volume of
the overlap between these hulls (see Supporting Information
for R code).

Results

Model-mimic color similarity

The discriminability of analogous color patches of H. sara and
M. pausanias varied greatly. The models suggest that several
of the color patches would not be easily discriminable between
the two species both chromatically and achromatically when
seen by both avian visual systems. The chromatic JNDs were
not significantly greater than one for the ventral hindwing red
patch and the dorsal forewing proximal yellow patch for the
V/VIS system (Sign test, P-value = 1 for red, Sign test,
P-value = .011 for yellow) and not greater than one for the
ventral hindwing red patch for the UV/VIS system (sign test,
P-value = 1; Table 1). The achromatic JNDs were not signifi-
cantly greater than one for only the ventral hindwing red patch
for both visual systems (sign test, P-value = 1 for BT; sign
test, P-value = 1 for PF; Table 1; Fig. 2).

Many patches had mean chromatic JNDs not significantly
greater than 3, and thus would be difficult for birds to distin-
guish in natural lighting conditions. The UV/VIS system would
have difficulties discriminating between the two species for the
proximal yellow and black patches on the dorsal forewing
(sign test, P-value = 1; sign test, P-value = 0.422; respectively;
Table 1; Fig. 2), and the distal black and yellow on the ventral
forewing (sign test, P-value = 1; sign test, P-value = 1; respec-
tively; Table 1; Fig. 2). The V/VIS system would be unlikely
to discriminate between all patches on the dorsal forewing
except for the iridescent blue patch (see Table 1 for P-values).
The V/VIS system would also be unlikely to differentiate
between the two species for all patches on the ventral forew-
ing. Seven of the 11 patches would be difficult for the V/VIS
to distinguish, while only five of the 11 patches would be dif-
ficult for the UV/VIS (Fig. 2).
These difficulties in distinguishing color patches also

extended to the achromatic component of bird vision, as many
patches had mean achromatic JNDs not significantly greater
than 3. The UV/VIS system would struggle to distinguish
between the two species for the yellow patches on the dorsal
forewing and ventral forewing (sign test, P = 0.12; sign test,
P = 0.42; respectively, Fig. 2; Table 2). The V/VIS system
would have even more difficulties distinguishing achromatic
differences under non-ideal lighting for both iridescent patches,
all yellow patches, and the black patch on the ventral forewing
(see Table 2 for P-values; Fig. 2). The V/VIS would have
difficulty discerning between seven of the 11 patches, whereas
the UV/VIS would have difficulty with three of the 11 patches
(Fig. 2). Furthermore, JND analysis of within-in species com-
parisons reveals great variation (Supporting Information
Table S1), showing that some individuals of the same species
are more discriminable than two individuals from the two dif-
ferent species.

Differences between visual systems

The UV/VIS and V/VIS visual systems were quite similar in
their ability to distinguish achromatic differences in wing color
between the mimetic pair: there were no color patches for
which the mean achromatic JND of UV/VIS system was sig-
nificantly greater than the V/VIS system (one-tailed Mann–
Whitney test, see Table 2 for P-values; Fig. 2). However, the
UV/VIS system was better able to distinguish between the spe-
cies for three color patches: the dorsal forewing distal yellow
(Mann–Whitney, P-value < 0.001); the ventral forewing proxi-
mal yellow (Mann–Whitney, P-value = 0.006); and the ventral
hindwing black (Mann–Whitney, P-value = 0.009; see table 1
for all patches). These color patches had more variation in
their UV spectra, such that UV-sensitive birds could distin-
guish between the species more readily than birds without UV
vision.

Differences in color space volume

The color volumes of each patch comprised a very small area
within tetrahedral color space and several patches overlapped
in tetrahedral color space for the two species under both visual
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models (Table 3, Fig. 3). The dorsal and ventral forewing yel-
low patches had high percentage overlap as did the dorsal
hindwing black (Table 3, Fig. 3.). Several color patches did
not have any overlap between the two species, including the
red patches, which had a JND of less than one. However, the
non-overlapping color patches were close to one another in
color space (see Fig. 3 for select patches).

Discussion

Differences between avian visual systems

The perception and classification of visual mimics is crucial to
understanding mimicry and predator avoidance strategies. We
used visual models to test several predictions of a mimicry
assemblage from different predators’ perspectives. The discrim-
inability of the colors of these two species varied greatly
between color patches and was dependent upon the visual sys-
tem of the bird species viewing them. Furthermore, these spe-
cies were more similar when viewed by the V/VIS system of
their presumptive predators and were more discriminable by
birds with UV vision.
Female M. pausanias have likely evolved to mimic only

the non-UV reflectance of the unpalatable Heliconius model
because the avian predators with which it has evolved

only see the visible spectrum, rendering mimicry in the
UV spectrum unnecessary. The findings here support previous
research on Heliconius mimicry in which the V/VIS system
is poor at discriminating between mimics (Bybee et al.,
2012; Llaurens et al., 2014). Bybee et al. (2012) investigated
the perceptual differences in the yellow patch in Heliconius
butterflies and closely related genera to find that Heliconius
butterflies were the best at distinguishing between yellow
patches, while birds were inept. Llaurens et al. (2014) tested
the mimetic resemblance of tiger patterned Heliconius butter-
flies to Melinaea species and found that the V/VIS system
was the least likely to discriminate between mimetic species,
whereas Heliconius individuals were able to discriminate
between mimics.
The fact that the greatest difference between these two

mimetic species was in the UV spectrum is intriguing in the
context of conspecific communication between butterflies. Sev-
eral recent studies have found that butterflies mate assortatively
and that UV reflectance may be crucial in this process (Jiggins,
Estrada & Rodrigues, 2004; Finkbeiner, Briscoe & Reed,
2014). Furthermore, Heliconius species have two different UV-
sensitive photoreceptors (Briscoe et al., 2010), suggesting that
ultraviolet patterns are important for Heliconius. It is likely that
individuals within this mimetic complex use UV reflectance
for conspecific interactions.

Table 2 P-values for Just Noticeable Difference (JND) comparisons for achromatic contrasts between H. sara and M. pausanias

Patch Visual model JND # JNDs > 1

P, mean

JND > 1 # JNDs > 3

P, mean

JND > 3

W, peafowl

JND < blue

tit JND

P, peafowl

JND < blue

tit JND

DFW-Blue Blue Tit (UV) 6.24 (3.49) 16 0.00017 16 0.00017 168 1

Peafowl (V) 9.30 (7.11) 15 0.00285 12 0.42247

DFW-Black Blue Tit (UV) 26.76 (19.61) 16 0.00017 16 0.00017 148 1

Peafowl (V) 25.60 (19.43) 16 0.00017 16 0.00017

DFW-Distal Yellow Blue Tit (UV) 20.42 (12.68) 16 0.00017 14 0.02299 149 1

Peafowl (V) 18.59 (11.28) 14 0.02299 14 0.02299

DFW-Proximal Yellow Blue Tit (UV) 8.51 (5.65) 14 0.02299 13 0.11699 148 1

Peafowl (V) 7.94 (4.96) 16 0.00017 12 0.42247

DHW-Black Blue Tit (UV) 28.16 (18.47) 16 0.00017 16 0.00017 172 1

Peafowl (V) 31.58 (21.22) 16 0.00017 16 0.00017

DHW-Blue Blue Tit (UV) 11.52 (8.90) 16 0.00017 15 0.00285 169 1

Peafowl (V) 18.19 (16.39) 15 0.00285 13 0.11699

VFW-Black Blue Tit (UV) 12.28 (7.74) 16 0.00017 16 0.00017 122 1

Peafowl (V) 9.59 (7.11) 15 0.00285 13 0.11699

VFW-Distal Yellow Blue Tit (UV) 7.43 (5.30) 14 0.02299 12 0.42247 136 1

Peafowl (V) 6.40 (4.45) 16 0.00017 12 0.42247

VFW-Proximal Yellow Blue Tit (UV) 7.71 (5.60) 14 0.02299 14 0.02299 125 1

Peafowl (V) 6.04 (4.28) 15 0.00285 11 1

VHW- Black Blue Tit (UV) 20.20 (11.66) 15 0.00285 14 0.02299 133 1

Peafowl (V) 16.86 (9.98) 15 0.00285 15 0.00285

VHW-Red Blue Tit (UV) 1.29 (1.02) 8 1 1 1 155 1

Peafowl (V) 1.28 (0.80) 9 1 1 1

Mean JNDs are given for each patch under each visual system, with standard deviations in parentheses. The patch names are represented by the

location (D for dorsal, V for ventral, FW for forewing, and HW for hindwing) and the color. The number of JNDs greater than 1 and 3 are shown

with Bonferroni-corrected P-values for sign tests examining whether the mean JND is significantly greater than 1 or 3. Bolded values indicate that

the JND for that patch are not significantly different from 1 or 3. The final columns present the test statistic, W, and Bonferroni-corrected P-values

for one-tailed Mann–Whitney tests of whether the mean JND under the peafowl model is less than the mean JND under the blue tit model, with

significant P-values in bold.
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Imperfect mimetic coloration

The finding that the coloration of several patches of H. sara
and M. pausanias are difficult for predators with V/VIS visual
systems to differentiate is perhaps not surprising, since the spe-
cies’ color resemblance is what prompted us to conduct this
research. Our results demonstrate that most of the coloration of
H. sara and M. pausanias is mimetic as seen by V/VIS birds
under natural conditions, as many patches had JNDs not signif-
icantly greater than 3. These two species of butterfly are sym-
patric both spatially and temporally. Both species occupy
disturbed rainforest habitats and are seen under variable light
environments and against different backgrounds (Endler, 1993),

rendering their mimetic coloration even more difficult to distin-
guish (Siddiqi et al., 2004). The JNDs of one and three are
estimates of true discriminability and tests with live predators
and learning trials are needed to determine how mimetic these
two species truly are in nature.
As revealed here, these two species are not perfect mimics.

Most patches, while difficult to distinguish under natural light-
ing conditions, are discriminable by both avian visual systems
under ideal conditions. Researchers previously expected that
strong natural selection should drive mimics to achieve perfect
resemblance (Fisher, 1930), but now there are many examples
where mimics do not resemble their models perfectly (e.g.
hover flies and bees: Edmunds, 2000; Penney et al., 2012;

Table 3 Patch color volume overlap for the two mimetic species

Color patch Visual model M. pausanias volume H. sara volume Overlap volume % Overlap

DFW-Blue Blue Tit (UV) 0.00586 0.00068 0 0

Peafowl (V) 0.00286 0.00028 0 0

DFW-Black Blue Tit (UV) 0.00271 0.01210 0.00008 3.06%

Peafowl (V) 0.00137 0.01598 1.480 9 10!06 0.11%

DFW-Yellows Blue Tit (UV) 0.00022 0.00148 0.00004 19.22%

Peafowl (V) 0.00010 0.00145 0.00001 12.37%

DHW-Black Blue Tit (UV) 0.01882 0.09849 0.00352 18.68%

Peafowl (V) 0.01837 0.08868 0.00530 28.86%

DHW-Blue Blue Tit (UV) 0.02026 0.00278 0 0

Peafowl (V) 0.01020 0.00136 0 0

VFW-Black Blue Tit (UV) 0.00076 0.00069 0 0

Peafowl (V) 0.00009 0.00024 0.00001 11.20%

VFW-Yellows Blue Tit (UV) 0.00042 0.00098 0.00003 6.36%

Peafowl (V) 0.00015 0.00093 0.00004 27.87%

VHW-Black Blue Tit (UV) 0.00109 0.00221 0 0

Peafowl (V) 0.00031 0.00110 0 0

VHW-Red Blue Tit (UV) 0.00001 0.00001 2.461 9 10!10 0.003%

Peafowl (V) 0.00001 0.00001 0 0

The values for each patch for M. pausanias, H. sara and the overlap volume are represented as a percentage of total tetrahedral color space.

The patch names are represented by the location (D for dorsal, V for ventral, FW for forewing, and HW for hindwing) and the color. Percentage

overlap is the quotient of the overlap volume divided by the smaller of the two volumes. Each patch volume is a very small area within tetrahe-

dral color space. There are nine overlaps listed because the two yellow patches of H. sara were combined.
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Figure 3 Avian tetrahedral color spaces and

color volumes for the six patches in Fig. 1.

All colorspaces are for peafowl (V/VIS)

vision. The inlays are magnified images of

the color volumes to show overlap between

the two species. Light gray volumes are H.

sara and black volumes are M. pausanias. (a)

Dorsal yellow patch with both the proximal

and distal yellow patches of H. sara being

incorporated. (b) Dorsal black patch. (c)

Dorsal hindwing iridescence. (d) Ventral

yellow patches with both proximal and distal

yellow patches of H. sara being

incorporated. (e) Ventral black patch. (f)

Ventral hindwing red patch.
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snakes: Kikuchi & Pfennig, 2012). This has led to several
hypotheses explaining “imperfect mimicry”: “eye-of-the-
beholder”, “jack-of-all-trades” and “relaxed selection” (Pfennig,
2012; Pfennig & Kikuchi, 2012). The eye-of-the-beholder
hypothesis asserts that imprecise mimicry is due to artifacts of
human perception (Cuthill & Bennett, 1993). We have negated
this possibility through the use of visual models of predators,
again demonstrating the benefits of testing mimicry by incor-
porating predator perception. The jack-of-all-trades hypothesis
posits imperfect mimics are under selection pressures to resem-
ble more than one unpalatable model. This may explain some
of the variation we found in this mimetic pair, as there is
anecdotal evidence that three other butterfly species, Heliconius
leucadia, Heliconius doris and Battus belus, are involved with
this mimetic assemblage (De’Abrera, 1981). The relaxed-
selection hypothesis asserts that model species that are particu-
larly abundant and well-defended will increase avoidance
behaviors in predators, resulting in weaker selection for a
perfect mimetic match. H. sara is abundant throughout the
Neotropics and is protected by cyanogenic glycosides resulting
in strong aversion by predators (Nahrstedt & Davis, 1980;
Chai, 1986; Pinheiro, 1996) and perhaps there is weak selec-
tion for M. pausanias to improve its mimetic resemblance.
Another possible explanation could be that H. sara, like all
models in Batesian pairs, is under selection to “escape” from
its mimic by evolving new colors patterns (Edmunds, 2000).
Further research into the predation pressures on the mimetic
coloration of all species involved with the H. sara and M.
pausanias will enable a better understanding of the imperfect
mimicry reported here.
Developmental constraints could also lead to imperfect

mimicry. Studies of butterflies and vertebrates have revealed a
convergent molecular basis for a variety of color pattern traits
(Reed et al., 2011; Kikuchi, Seymoure & Pfennig, 2014).
Given this, it is possible that pigments in color patches of M.
pausanias and H. sara that are indistinguishable (e.g. the ven-
tral hindwing red patch) are produced by the same or similar
molecular pathways while color patches that are easily distin-
guishable might be produced by different pathways that are
developmentally constrained and unable to produce identical
color phenotypes. For example Heliconius butterflies use 3-
hydroxykynurenine as a yellow pigment, whereas Mimoides
use papiliochrome pigments for yellow coloration (Nijhout,
1991; Koch et al., 2000; Briscoe et al., 2010). M. pausanias
may be unable to perfectly mimic the yellow of H. sara due
to constrained pigment production.
The data here reveal large variation in patch reflectance not

just within species, but also within individual patches (see
Supporting Information Table S1). This large intra-individual
variation may further confuse predators and lead to predators
avoiding a range of similar mimetic colors. The proximate
mechanisms leading to the variation that we found here could
be due to differences in condition dependence of the individ-
ual, and/or wing degradation due to age and wear on individ-
ual wings (Lehnert, 2010; Pegram, Nahm & Rutowski, 2013).
Unfortunately, we had little control over wing wear for these
wild-caught insects, although we did take precaution in our
measurements to avoid damaged or worn areas of the wing.

Conclusion

Batesian mimicry requires mimics to resemble unprofitable
models as perceived by natural predators. Differences between
visual systems due to disparate spectral sensitivities are crucial
for understanding visual signals. We show that two species of
tropical butterflies from different families have mimetic col-
oration as seen by their predators with V/VIS-sensitive vision,
but are more easily discriminable by birds with UV-sensitive
vision. This leads us to conclude that M. pausanias and H.
sara have evolved mimetic coloration for predators without
UV-sensitive vision.
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Additional Supporting Information may be found in the online
version of this article:

Figures S1–S8. Photographs of individual butterflies. The first
photograph and the last three are the M. Pausanias (labeled
with B_ or Bat_) individuals and 2–5 are Heliconius sara (la-
beled with H. sara).
Table S1. Results of the within-species JND comparisons
Data S1. R scripts: this file contains all data preparation and
analysis, as implemented using pavo.
Data S2. Background spectra, illumination spectra, and photo-
graphs of all specimens used in the analysis.
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Abstract

There is a recent surge of evidence supporting disruptive coloration, in
which patterns break up the animal’s outline through false edges or bound-
aries, increasing survival in animals by reducing predator detection and/or
preventing recognition. Although research has demonstrated that false edges
are successful for reducing predation of prey, research into the role of inter-
nal false boundaries (i.e. stripes and bands) in reducing predation remains
warranted. Many animals have stripes and bands that may function disrup-
tively. Here, we test the possible disruptive function of wing band patterning
in a butterfly, Anartia fatima, using artificial paper and plasticine models in
Panama. We manipulated the band so that one model type had the band
shifted to the wing margin (nondisruptive treatment) and another model
had a discontinuous band located on the wing margin (discontinuous edge
treatment). We kept the natural wing pattern to represent the false bound-
ary treatment. Across all treatment groups, we standardized the area of col-
our and used avian visual models to confirm a match between manipulated
and natural wing colours. False boundary models had higher survival than
either the discontinuous edge model or the nondisruptive model. There was
no survival difference between the discontinuous edge model and the
nondisruptive model. Our results demonstrate the importance of wing bands
in reducing predation on butterflies and show that markings set in from the
wing margin can reduce predation more effectively than marginal bands
and discontinuous marginal patterns. This study demonstrates an adaptive
benefit of having stripes and bands.

Introduction

Predators can exert strong selective pressure on prey to
go undetected and not become a meal. These pressures
have led to many adaptations for concealment, includ-
ing motion dazzle, masquerading and crypsis (Stevens
& Merilaita, 2009a). Cryptic coloration prevents the
detection of an object and can be achieved in many
ways, ranging from distractive markings to background
matching and disruptive coloration (Cott, 1940; Stevens
& Merilaita, 2011). Although background matching
involves colour patterns that match the spectral and
spatial properties of the background, disruptive col-

oration utilizes contrasting markings that create false
edges and/or boundaries, therefore hindering the detec-
tion and recognition of an object’s true shape (Thayer,
1909; Cott, 1940; Stevens & Merilaita, 2009b).
Although biologists since the early 1900s have stated
the importance of disruptive coloration in fostering
camouflage and survival, many components of the
mechanisms of disruptive coloration are not well
understood (Ruxton et al., 2004; Stevens & Merilaita,
2009b).
Until recently, biologists accepted Thayer’s (1909)

and Cott’s (1940) definitions of disruptive coloration
despite empirical data. Fortunately, the last decade has
seen several theoretical reviews clarifying the definition
of disruptive coloration, along with a surge in empirical
work testing its function and mechanisms (Cuthill et al.,
2005; Endler, 2006; Stevens et al., 2006; Stevens, 2007;
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Stobbe & Schaefer, 2008; Dimitrova et al., 2009; Ste-
vens & Merilaita, 2009a,b). We now have a better
understanding of how contrasting markings on poten-
tial prey affect predation. Marginally located contrasting
markings that engender false edges may be optimal for
decreasing predator detection as shown in studies utiliz-
ing artificial prey items or with human observers view-
ing artificial prey items on computer screens (Cuthill
et al., 2005; Stevens et al., 2006; Webster et al., 2013).
In fact, because several studies using nonanimal models
(e.g. triangular paper models with mealworm baits)
demonstrated how important conspicuous marginal pat-
terns were, some revised definitions of disruptive col-
oration state that contrasting patterns must be
marginally located (Stevens et al., 2006). However, sev-
eral reviews have stated the importance of understand-
ing how contrasting patterns that lie within the surface
(i.e. centrally as opposed to the periphery) of the ani-
mal, such as stripes and bands, may function to reduce
recognition and detection of an object (Hanlon et al.,
2009; Stevens & Merilaita, 2009a,b).
Stripes and bands (markings parallel and perpendicu-

lar, respectively, to the length of the body part on
which they are located) can decrease predation in
many ways, such as aposematism, motion dazzle, back-
ground matching and disruptive coloration (Ruxton
et al., 2004; Stobbe & Schaefer, 2008; Hanlon et al.,
2009; Stevens & Merilaita, 2009b). Many nonapose-
matic, sexually monomorphic animals across diverse
taxa exhibit conspicuous stripes and bands that cannot
be explained functionally as motion dazzle or back-
ground matching. Although motion dazzle coloration
requires conspicuous stripes, bands or markings, it also
requires movement, which together with the markings
makes perception of speed and direction of movement
difficult for a viewer to follow, and is especially effec-
tive when the animal is moving through vegetation
(Stevens et al., 2011). There are many cases of animals
that exhibit stripes and bands that do not appear to
match the background, possibly making them vulnera-
ble to predation when not in motion (Fig. 1; see Cott,

1940 and Stevens & Merilaita, 2011). Therefore, it is
likely that stripes and bands that are located centrally
on flat surfaces (e.g. wing) with minimal marginal con-
tact function disruptively by creating false boundaries
that render the object unrecognizable to predators as
hypothesized by Cott (1940) and later more fully devel-
oped by Stevens & Merilaita (2009b).
Current research indicates that both marginally

located contrasting markings and internally located
contrasting ones can serve a protective function
because predators perceive them as independent objects
that divide the whole object into visually unconnected
portions (Osorio & Srinivasan, 1991; Merilaita, 1998;
Cuthill et al., 2005; Merilaita & Lind, 2005; Schaefer &
Stobbe, 2006; Fraser et al., 2007; Stobbe & Schaefer,
2008; Stevens et al., 2009; Webster et al., 2013). Ste-
vens et al. (2009) demonstrated maximum survival
benefits for artificial prey that have high internal (cen-
tre of wing) contrast and low marginal contrast com-
pared to artificial prey that have homogenous contrast,
and artificial prey with low internal contrast and high
marginal contrast. However, there are very few tests of
the functional differences between marginally and
internally located markings using naturally coloured
animals (Stevens & Merilaita, 2009b). Here, we test
whether false boundaries produced by a butterfly wing
band increase or reduce survival more than if the indi-
vidual had a broken marginal band creating a false
edge, or a continuous band located marginally. A con-
tinuous band on the margin of the animal removes the
false boundary effect and instead should emphasize the
outline of the animal and render it more detectable
(Endler, 1984; Ruxton et al., 2004).
We used Anartia fatima (Fabricius) (Nymphalidae),

the banded peacock butterfly, to test the hypothesis
that false boundaries produced by centrally located con-
trasting bands increase an individual’s chance of sur-
vival. Anartia fatima has a conspicuous yellowish to
cream-coloured band set against a dark brown back-
ground on both the dorsal and ventral surfaces of the
hind and forewings (Fig. 2). This colour pattern serves

Fig. 1 Examples of putative false

boundary disruptive coloration across

taxa (Cott, 1940). From top left

clockwise: Giant Anteater

(Myrmecophaga tridactyla), Common

Snipe (Gallinago gallinago), Common

Field Grasshopper (Chorthippus

brunneus), White Admiral (Limenitis

arthemis arthemis), two-striped Grass

Frog (Hylarana taipehensis). Images

courtesy of Wikimedia.
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well as a model to test the prediction of producing false
boundaries, because A. fatima is very common in tropi-
cal disturbed areas and edge habitats that provide
heterogeneous backgrounds of dark- and light-coloured
vegetation (Silberglied et al., 1979). Furthermore, A.
fatima has not been shown to be a Batesian mimic of
unpalatable butterflies and it is a common prey item
for a gamut of visually guided insectivorous predators
including passerine birds (Passeriformes) and whiptail
lizards (Ameiva spp.) (Boyden, 1976; Silberglied et al.,
1979, 1980; Bowers et al., 1987). We predict that indi-
viduals of A. fatima with a naturally located band will
be predated less often than individuals in which the
band is moved to the wing periphery. Furthermore, we
predict that A. fatima individuals in which the band is
broken and moved to the periphery will have predation
rates comparable to those of naturally banded individu-
als. This study tests the importance of band patterning
on predation rates of an animal in a natural setting.

Materials and methods

Model construction

We collected male A. fatima butterflies near Gamboa,
Panama, in March–April 2013 using aerial nets. These
animals were used in November–December 2013 to
develop artificial models following the methods of Fink-
beiner et al. (2012). Bowers et al. (1987) demonstrated
that A. fatima has the greatest predation rates when
perched with the wings closed. Therefore, the models
were constructed using scanned images (Brother MFC-
J4510DW Scanner, Brother Industries) of ventral wing
surfaces of A. fatima individuals with the wings closed
(Fig. 2). This wing position also accurately represents a
butterfly at rest, which is when the ventral band is visi-
ble to predators.
To test the possible disruptive function of the yellow-

ish wing band, three model types were used, and
within each model type the pattern was the same.

Pattern geometry was altered for two of the three
model types to produce a discontinuous edge model
and a nondisruptive model (Fig. 3); the natural wing
model was unaltered to represent our hypothesized
example of false boundary disruptive coloration. The
nondisruptive alteration reduced the effect of disruption
by relocating the band to the wing margin, enhancing
the animal’s outline (see Endler, 1984 and Ruxton
et al., 2004). The discontinuous edge alteration had a
segmented band on the wing margin, which mimics
marginal disruptive coloration due to high-contrast
marginal markings (see Endler, 1984; Ruxton et al.,
2004; Cuthill et al., 2005). All alterations were executed
in Photoshop CS5, and total yellow area was the same
for each treatment as measured using ImageJ. High-res-
olution models were printed onto Whatman filter paper
with a Brother MFC-J4510DW (Brother Industries)
printer and then cut and inserted into the ‘body’, a 2.5-
cm-long piece of black, nontoxic plasticine clay, which
remains malleable in the field and thereby allows
assessment of beak marks from avian predators (Fink-
beiner et al., 2012; Merrill et al., 2012).

Fig. 2 Anartia fatima ventral surfaces

with spectral reflectance comparison of

model colour to the natural ventral

wing surface of Anartia fatima. Arrows

from model depict colour patches for

spectra. White lines are averages of

natural wing spectra, black lines are

averages for model spectra, and grey

shading represents one standard

deviation for natural wing spectra.

Photograph credit Beryl Jones.

Fig. 3 Survival curves of the three model types. The only

difference among the three model types is band continuity and

placement. False boundary was significantly different from the

other two model types. Discontinuous edge and nondisruptive did

not differ significantly from one another. *P = 0.05,**P < 0.001.
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Model colour measurements

To confirm that the model coloration was visually
indistinguishable from A. fatima coloration, we ran
avian visual models. We measured the ventral reflec-
tance of three colours (yellow band, brown wing and
red band) of five natural male A. fatima and of three of
each printed model type using an Ocean Optics
USB2000 spectroradiometer and an Ocean Optics
Xenon pulse as a standardized light source. Wing colour
reflectance was measured as the proportion of a white
reference standard (WS-1-SL, Ocean Optics Dunedin,
FL, USA) using a coaxial fibre cable (QR400-7, Ocean
Optics). We evaluated avian visual models using the
PAVO program within R (Maia et al., 2013) to confirm
that the artificial models accurately represented the col-
oration of A. fatima wings, as seen through the eyes of
both ultraviolet- and violet-sensitive birds (Vorobyev
et al., 1998; Osorio & Vorobyev, 2005). There are two
different visual systems for birds in which the shortest
wavelength sensitivity differs. Most songbirds, parrots
and some shorebirds have UV-sensitive vision, whereas
most other birds have violet vision (Hart, 2001). We
modelled both visual types due to the likelihood that
birds of both types were likely to attack the models
(DeVries, 1987). We applied von Kries transformation
to account for receptor adaptation and used the default
parameters for Weber’s fraction (0.05), illumination
(D65 irradiance spectrum for standard daylight), back-
ground and cone ratios of N1 = 1, N2 = 2, N3 = 2,
N4 = 4 (Hart, 2001; Maia et al., 2013). We calculated
both achromatic and chromatic Just Noticeable Differ-
ences (JNDs) for each of the three comparisons: yellow
model vs. yellow natural, brown model vs. brown natu-
ral and red model vs. red natural. JNDs are a value that
represents the ability of a visual system to perceive two
colours differently with a JND value of less than one
being indistinguishable in ideal conditions and a JND
value of less than three being indistinguishable under
natural conditions (Siddiqi et al., 2004). All comparisons
had JNDs of less than 2 for achromatic comparisons
and less than 3 for chromatic comparisons. Therefore,
we assumed that the model coloration would be per-
ceived as similar coloration of live A. fatima. Further-
more, the spectral reflectance for each model fit within
the natural colour variation of A. fatima, see Fig. 2.

Survival experiments

We tested the survival of our model types in disturbed
forest near Gamboa, Panama (09!07.7780N,
079!41.8540W). Models were tied with black thread to
vegetation 0.2 m to 2 m above the ground, matching
natural perch sites of A. fatima. The vegetation upon
which the models rested were leaves and branches of
rainforest plants. Although we did not specifically con-
trol for background, there is no evidence that A. fatima

chooses a particular type of vegetation to rest. Models
were set out in blocks of three that included one of
each type. Within each block, models were randomly
arranged 1 to 3 m apart and the blocks were placed
100 m apart to reduce the risk of the same bird attack-
ing models in more than one block (Hurlbert, 1984;
Finkbeiner et al., 2012). On each of three different days
in January 2014, we placed 297 models, 99 of each
type, for a total of 891 models. These experiments took
place during the dry season for two reasons: because
predation rates on insects increase then, perhaps due to
decreased abundance of insect prey in general, and to
avoid rain damage to the models (Kricher, 1999). Each
model was checked daily for 3 days for beak, teeth and
mandible marks (see Finkbeiner et al., 2012). Attacked
models were removed from the experiment and not
replaced, to avoid inflating mortality rates among treat-
ments (Cuthill et al., 2005; Finkbeiner et al., 2012; Mer-
rill et al., 2012). We counted only beak marks (i.e.
triangular indentations) as predation and censored
models that went missing (Hurlbert, 1984) as well as
presumed attacks by mammals (i.e. teeth marks and
gashes) and insects (i.e. small holes), as these most
likely were not visually guided and therefore not an
accurate test of pattern type (Finkbeiner et al., 2012).
Differences in survival probabilities after 72 h were
analysed using Cox proportional-hazards regression
(‘survival’ package) in R (R Development Core Team
2011). Missing models were incorporated into the Cox
proportional-hazards regression as censored. We also
calculated effect sizes with odds ratios (OR), where a
value of 1.00 indicates that two treatments have identi-
cal survival probabilities.

Results

After three days in the field, 8.5% (76 of 891) of the
models had been attacked by birds, 8.4% (75 of 891)
were missing (one area with 27 models was clear-cut),
and 1.6% (14/891) were attacked by nonavian preda-
tors (e.g. rodents, ants). Attack rate on the nondisrup-
tive models was 12.4%, whereas it was 9.7% for the
discontinuous edge models and 3.3% for the false
boundary models. Missing and non-avian-attacked
models comprised 11.4% of all false boundary models,
11.1% of the discontinuous edge models and 7.4% of
the nondisruptive models (Table 1).

Table 1 Number of models attacked by birds, and combined

missing and nonavian attacks for each model type.

Model N Avian attack Missing and nonavian attacks

False Boundaries 297 10 (3.4%) 34 (11.4%)

Discontinuous Edge 297 29 (9.8%) 33 (11.1%)

Nondisruptive 297 37 (12.5%) 22 (7.4%)

Total 891 76 (8.5%) 89 (10.0%)
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Survivorship curves differed significantly with model
type (Cox regression, F = 2.173, P = 0.029) but not
with date of placement (Cox regression, F = 0.895,
P = 0.371). Pairwise comparisons revealed that the false
boundary models survived significantly longer than
either the discontinuous edge or nondisruptive models
(Wald = 5.98, d.f. = 2, P = 0.050, OR = 0.321 and
Wald = 14.57, d.f. = 2, P < 0.001, OR = 0.245 respec-
tively). Nondisruptive and discontinuous edge models
did not differ in survival (Wald = 4.29, d.f. = 2,
P = 0.111, OR = 0.762). The proportion of missing
models did not differ across the three model types (Cox
regression, F = 0.186, P = 0.852).

Discussion

The higher survival of false boundary models than both
discontinuous edge and nondisruptive models confirms
that the centrally located band of A. fatima functions to
reduce predation. These findings are in line with
another study that tested the disruptive function of
bands in the Eurasian White Admiral (Limenitis camilla;
Stobbe & Schaefer, 2008). However, we did not find
support for a difference in survival between the discon-
tinuous edge models and the nondisruptive models.
These findings are contrary to previous research
demonstrating that false edges increase survival more
than false boundaries (Cuthill et al., 2005; Stevens
et al., 2006), but follow the findings of Stevens et al.
(2009), in which individuals with high internal contrast
had high survival. Unlike the study by Stevens et al.
(2009), which was an excellent test of the psy-
chophysics of disruptive coloration in novel, unnatural
prey items, our aim was to test, in the natural habitat,
whether internally banded animals survived better than
animals with a marginal band or marginal markings
(Cuthill et al., 2005; Stevens et al., 2006, 2009). It is
possible that the regularly repeating stripes of the dis-
continuous edge treatment might have increased detec-
tion and prevented any marginal disruptive effect.
Follow-up research is needed to blend the methods of
Cuthill et al. (2005) and Stevens et al. (2009) with this
studies’ methods to determine how randomly patterned
blotches on natural animals in their habitats affect sur-
vival. Lastly, it is also possible that birds were attacking
the non-natural wing patterns because they were nov-
el. Previous research has shown that avian predators
which have learned to avoid aposematic prey will
attack butterflies with novel wing patterns (Langham,
2004). It is unlikely that the attack rates in this study
were due to birds attacking novel patterns because
research has shown that birds exhibit neophobia when
known palatable prey are available (Marples et al.,
1998; Marples & Kelly, 1999), and therefore, it is more
plausible that birds would be less likely to attack the
novel models (i.e. discontinuous edge and nondisrup-
tive) than the natural pattern models. Of course,

further studies using all novel wing patterns will clarify
the role of novelty in avian predation of disruptively
patterned animals.
Most research on disruptive coloration has focused

on peripheral markings instead of central markings;
however, Silberglied et al. (1980) and Stobbe & Schae-
fer (2008) both tested the potential role of bands in
butterfly disruptive coloration. Utilizing the same spe-
cies as this study, A. fatima, Silberglied et al. (1980)
found that individuals with the band survived as well
as cryptic A. fatima individuals that had the band
blacked out, most likely rendering the individual more
cryptic (Endler, 1984). However, their study involved
blacking out the dorsal band, not the ventral one, so
they were testing butterflies in flight, not at rest. Stobbe
& Schaefer (2008) tested the survival of artificial butter-
flies (Limenitis camilla (Linnaeus), the Eurasian white
admiral) dependent upon the chromatic contrast of the
ventral band. They found that artificial butterflies with
a naturally coloured band survived as well as butterflies
without a band (a cryptic control), but butterflies that
had their bands altered to have higher internal chro-
matic contrast were attacked more, demonstrating that
disruptive coloration utilizing false boundaries is depen-
dent upon the coloration of the band and background
(Stobbe & Schaefer, 2008). However, their study did
not test location or geometry of bands. Therefore, our
study builds on previous research and demonstrates the
importance of band location.
In this study, we demonstrate that internal bands on

male Anartia fatima butterfly wings reduce predation
rates compared to external bands or discontinuous mar-
ginal patterns. These findings are consistent with the
original hypotheses of Thayer (1909) and Cott (1940)
and are not necessarily incongruent with recent work
on pattern geometry effects on disruptive coloration.
Cuthill et al. (2005) and Stevens et al. (2006) both
found that triangular paper models with marginal pat-
terns were attacked less often by avian predators than
internal patterns were. However, in this current study,
we tested the role of a band that does intersect the
leading edge (costal margin) of the wing and therefore
may have a stronger disruptive effect. Interestingly, the
discontinuous edge model, in which the markings were
located along the wing outer margin, was attacked
more often than the false boundary model, a finding
that does differ from most of the previous research,
which demonstrates that optimal disruptive patterning
is dependent upon context (e.g. species, habitat, preda-
tors; Cuthill et al., 2005; Stevens et al., 2006). However,
Stevens et al. (2009) did test the role of contrast geome-
try on prey and found that high internal contrast with
low marginal contrast had the highest survival. Our
findings here follow nicely with the work of Stevens
et al. (2009) in which high internal contrast due to a
wing band increases survival of individuals relative to
high marginal contrast.
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As in A. fatima, wings of many tropical butterflies
have a conspicuous central band, including species of
Doxocopa (H€ubner), Adelpha (H€ubner), Siproeta
(H€ubner), Pyrrhogyra (H€ubner) and Papilio (Linnaeus)
(DeVries, 1987). None of them has been shown to be
unpalatable or warningly coloured (Pinheiro, 1996),
and it is likely that their wing patterning makes them
difficult for predators to detect when they are at rest.
Several species of aposematic butterflies occur sym-
patrically with A. fatima, including Heliconius sapho
(Doubleday), Heliconius cydno (Bates), Danaus plexippus
(Linnaeus) and Danaus gilippus (Bates) (Brower, 1957;
DeVries, 1987; Pinheiro, 1996; Srygley & Ellington,
1999). Aposematic patterns are hypothesized to be
conspicuous to increase predator detection, recogni-
tion and memory, and these unpalatable butterflies
have their margins emphasized with a continuous
band (DeVries, 1987; Brakefield et al., 1992). Previous
discussion has suggested that high-contrast disruptive
coloration could be coupled with aposematism
(Tullberg et al., 2005; Stevens & Merilaita, 2009b;
Stevens et al., 2013), but these results indicate that
the interaction between false boundary disruption and
aposematic coloration is more complicated and most
likely depends on band location and habitat back-
ground. These observations reveal that many
questions remain about how the behaviour and ecol-
ogy of animals affect band location and pattern
geometry.
In summary, our experiment shows that an internal

conspicuous band on a wing surface increases survival
more than marginally located discontinuous patterns
(false edges) or a marginally located band. These data
demonstrate the importance of false boundary disrup-
tive coloration in a butterfly and indicate that further
research is needed to understand the effects of false
boundary disruptive coloration, geometry and beha-
viour in other taxa.
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