
Ambient Light Environment and the Evolution of Brightness, Chroma, and Perceived 

Chromaticity in the Warning Signals of Butterflies

by

Jonathan Marion Douglas

A Thesis Presented in Partial Fulfillment
of the Requirements for the Degree

Master of Science

Approved April 2013 by the
Graduate Supervisory Committee

Ronald L. Rutowski, Chair
Kevin J. McGraw

Juergen Gadau

ARIZONA STATE UNIVERSITY

May 2013



ABSTRACT

1. Aposematic signals advertise prey distastefulness or metabolic unprofitability to 

potential predators and have evolved independently in many prey groups over the 

course of  evolutionary history as  a  means of  protection from predation.  Most 

aposematic  signals  investigated  to  date  exhibit  highly  chromatic  patterning; 

however, relatives in these toxic groups with patterns of very low chroma have 

been largely overlooked. 

2. We propose  that  bright  displays  with  low chroma arose  in  toxic  prey species 

because they were more effective at deterring predation than were their chromatic 

counterparts, especially when viewed in relatively low light environments such as 

forest understories. 

3. We analyzed the reflectance and radiance of color patches on the wings of 90 

tropical butterfly species that belong to groups with documented toxicity that vary 

in  their  habitat  preferences to  test  this  prediction:  Warning signal  chroma and 

perceived chromaticity are expected to be higher and brightness lower in species 

that  fly  in  open  environments  when  compared  to  those  that  fly  in  forested 

environments.  

4. Analyses of the reflectance and radiance of warning color patches and predator 

visual  modeling  support  this  prediction.  Moreover,  phylogenetic  tests,  which 

correct for statistical non-independence due to phylogenetic relatedness of test
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species,  also support the hypothesis  of an evolutionary correlation between perceived 

chromaticity of aposematic signals  and the flight habits  of the butterflies that exhibit 

these signals.

Key-words:  achromatic,  aposematism,  bird  tetrahedral  color  space,  complex  light 

environment, forest shade, mimicry, predator-prey interaction, toxic, unprofitable prey, 

vision.
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Introduction

Aposematic signals function and features:

Animals with chemical or mechanical defenses against predation often advertise their 

defenses by displaying conspicuous signals—known as aposematic signals—to warn 

predators of their unprofitability as prey items (Poulton 1890). These signals are often 

visual, but acoustic and chemical warning signals also abound (Ratcliff & Nydam 2008; 

Weldon 2010). Aposematic signals are thought to evolve because they effectively 

communicate unprofitability to potential predators and thus decrease predation while 

increasing the fitness of the individual organism, population, or species (Roper & 

Redston 1987; Prudic, Skemp & Papaj 2006; Svádová et al. 2009). Though the 

mechanisms by which aposematic signals confer fitness upon organisms have frequently 

been investigated and debated, selection pressures that produce the many different types 

of aposematic signals are not well-understood (Merilaita & Ruxton 2006; Halpin, 

Skelhorn, & Rowe 2008; Chouteau & Angers 2012; Holen & Svennungsen 2012). 

Among potential selection pressures, the interaction of ambient light environment with 

visual aposematic signals has yet to be thoroughly investigated.

The most commonly studied aposematic patterns and coloration schemes are those that 

incorporate patches that reflect long-wavelengths in the portion of the electromagnetic 

spectrum visible to humans (i.e. red, yellow, or orange). To a much lesser extent, shorter 
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wavelengths such as green, blue, or ultraviolet on dark/black backgrounds have also been 

investigated (Rutowski, Nahm, and Macedonia 2010; Mäthger, et al., 2012). However,

broadly reflecting color patches with very low chroma but high brightness (i.e.

achromatic or "white") are often ignored as potential aposematic signals (though see 

Cloudsley-Thompson, 1976; Shine, 1980; Lyytinen et al, 1999; Hunter, 2009; 

Stankowich et al, 2011; and Nokelainen et al, 2012). This is perhaps because of biases 

within the human visual system as well as historical precedence in the scientific 

literature.

Aposematic displays and light environment

Signals are expected to evolve in concert with the visual systems of intended receivers 

and the light environments in which they are displayed and perceived (Endler 1992, 

Endler 1993, Douglas et al. 2007).  Specifically, aposematic signals should reliably 

indicate the unprofitability of a prey species by maximizing conspicuousness, thereby 

increasing detectability while enhancing learning by predators (Prudic et al. 2006; Halpin 

et al. 2008). Aposematic signals also should be easily detected and recognized by 

potential predators in the light environment in which they are displayed, during the times 

at which they would commonly be encountered, and against the backgrounds that are 

typical for these places and times (Endler 1992). An easily detectable and memorable

 aposematic signal confers increased safety from predation upon an individual or a 

population of defended organisms by reducing future attacks on visually similar prey 

(Ham et al. 2006). 2



We can predict the features of visual aposematic signals that natural selection should 

produce given selection pressures on the signals exerted by predators in various 

environments. Butterfly predators are predominantly avian, visually oriented, and diurnal. 

Thus, we generally predict that aposematic signals in butterflies should consist of bright 

visual signals, which is largely supported in the literature (Merilaita & Ruxton, 2006; 

Stankowich Caro & Cox, 2011). More specific predictions can also be made with regard 

to the type of bright patch that would be most effective in warning visual predators of 

unpalatability in differentlight environments (Endler, 1992). In general, color patches 

should reflect those wavelengths that are most abundant in the environment because they 

will appear brightest to signal receivers, while those that do not match the ambient light 

spectrum will be less easily perceived (Endler 1992; Endler 1993; Endler & Théry 1996). 

We propose that bright signals with low chroma and low perceived chromaticity are an 

effective evolutionary strategy for aposematic organisms living in complex low light 

environments. Correlations between color patterns and light environment have previously 

been noted and investigated, but studies of correlations between light environment and 

low-chroma signals are rare (Fleishman 1992).

Highly chromatic signals are often utilized at close range by organisms for detailed 

information about their environment (Streinzer, Paulus & Spaethe 2009). Many 

angiosperm plants have increased pollen dissemination and seed dispersal through the 

evolution of highly chromatic blossoms and fruits (Burger, Dötterl & Ayasse 2010). 

Bright plumage, integument, or other tissues are used by many animals including birds, 
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mammals and insects to attract mates or indicate status (Papke, Kemp & Rutowski 2007; 

Kemp 2008; McGraw, Dale & Mackillop 2003; Macedonia 2001). In bright open 

environments where light energy from a broad range of wavelengths is available such as 

the sun, sky, fields, gardens, and above forest canopies, we predict that aposematic 

signals will or can be selectively reflective and thus highly chromatic and still be 

effective. 

In forested environments, ambient light is low in intensity and spectral composition 

changes in space and time (Endler, 1992). Organisms that travel through a light 

environment such as the forest understory are generally unable to change their visual 

signals to match the spectrum of changing ambient light. For this reason, relatively 

achromatic features and signals in mobile organisms such as butterflies may be more 

reliable as aposematic signals than chromatic features in dim light environments. In 

contrast to chromatic signals, bright features of organisms and objects with low chroma 

in the environment are generally understood to be used by birds in detection of motion, 

small objects, details, and edge detection (Kram, Mantey & Corbo 2010, Osorio, Miklósi 

& Gonda 1999), which may be of particular ecological importance to birds in the forest 

understory. Bright signals with low chroma also differ from chromatic signals in that they 

are highly reflective across a broad range of wavelengths and are therefore brighter in 

general than chromatic signals. This also means they may appear more visually 

contrasting with the background against which they are viewed.
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Butterflies as a study system for aposematism

We chose butterflies to address these issues because they generally exhibit bright and 

contrasting patterns on their wings—which are disproportionately large when compared 

with their body size. Butterfly color patterns are known to serve in both intra- and 

interspecific signaling (Chai, 1986; Papke Kemp & Rutowski, 2007; Rutowski Nahm & 

Macedonia, 2010). Many of the patterns may serve as warning signals, making them an 

ideal group for studying aposematic coloration. 

Butterflies are perhaps the best-studied group of organisms that frequently display 

aposematic coloration in conjunction with chemical or mechanical defenses. Indeed, 

butterflies comprised many of the study species used to establish the founding principles 

of aposematism (Poulton 1890). However, perusing a museum collection of toxic or 

distasteful groups of butterflies leaves one questioning what exactly defines an 

aposematic pattern. Many species in these groups have color patterns that do not 

exemplify those that are commonly considered to be aposematic in that they exhibit low-

chroma white and black pattern elements rather than highly chromatic patches on black 

backgrounds (pers. obs.). We hypothesize that many of these toxic species evolved bright 

signals with very low chroma in response to varying light environments, such as forest 

understories.
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Prey species in this study were selected based upon their general geographic origins—

neotropics, afrotropics, or australiasian tropics—and their known or inferred toxicity or 

distastefulness to predators. Tropical origins allows reasonable inference to be made 

regarding the similarities between light habitats that butterflies and predators will 

encounter (Endler 1993). Toxicity inferences are made based on close evolutionary 

conservation of toxic larval host plants used by the groups studied (e.g. Passifloraceae, 

Apocynaceae, and Aesclepiaceae, among others) and the understanding that many species 

in each group are known to harbor toxic secondary metabolites of these host plants 

(Owen 1970, Hay-Roe & Nation 2007, Mebs et al., 2012). All species belong to one of 

three Lepidopteran clades: Heliconiini, Acraeini, or Danainae. Papilionidae was used as 

the out-group for phylogenetic analyses.

Predator perception and aposematic signals

Birds are common visual predators of Lepidoptera and so we used the avian visual 

system to model perception of aposematic signals. Absorbance spectra of visual pigments 

that reside in light sensitive cones are known for many avian species. We use the visual 

system of the blue tit and peafowl as our model because most parameters pertinent to 

modeling visual perception are known for these species. These species also encompass 

both basic types of bird visual system, the violet-sensitive and the ultraviolet-sensitive. 

Using  absorbance spectra of avian visual pigments, a model of avian visual systems has 

been devised by Endler and Mielke (2005) using a 3-dimensional tetrahedral color space. 
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The tetrahedral color space model allows one to infer how color patches and contrasts are 

seen by birds, rather than by the direct comparison of reflectance spectra. In this manner, 

one can quantify contrast, brightness, hue, and perceived chromaticity in ways that are 

ecologically relevant to birds.

If ambient light environment works in conjunction with predatory visual systems in 

shaping the evolution of aposematic signals, we should be able to test for correlations 

between light environment and the type of visual display presented by prey species. To 

this end, we compared reflectance measurements and descriptive measures of reflectance 

spectra to test for differences between butterfly groups. We also used visual modeling to 

describe how aposematic butterflies appear to bird predators using the appropriate light 

environment under which they would be viewed. After plotting these data onto a 

constructed phylogeny, we tested for correlations between perceived chromaticity and 

flight habits in open or closed habitat. 

Materials and methods

Natural history data

We chose for this study 90 species of butterflies that were either known or inferred to be 

aposematically colored using criteria laid out in the Introduction.  Natural history 

information regarding habitat preferences of adult butterflies for all species was obtained 
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from the literature (DeVries 1987, Larsen 1996, Ackery & Vane-Wright 1984). Key 

words such as “full-sun, open, and city gardens” were taken to indicate species that 

frequented open areas whereas words such as, “forest understory, deep forest, under 

forest canopy” were indicative of those species that spent most of their adult flight time

within forest. Butterflies that frequented open habitat were classified as “open-dwelling” 

species, while those described as flying primarily in forests were deemed “forest-

dwelling” species.

Reflectance spectra

Reflectance spectra of salient or major pattern elements were collected from wings of 

preserved butterfly specimens housed in the Los Angeles Natural History Museum. The 

largest contributing color patch that was not the background color (generally black) was 

determined by simple visual examination. Ascertaining the largest patches on butterflies 

is akin to measuring the largest patches on birds and methods resembling this have been 

used in the literature (Stoddard & Prum, 2008). Spectra were recorded from the dorsal 

wing surfaces as these are day-flying species and the dorsal pattern elements are likely 

the most visible to birds and most brightly illuminated during flight. Reflectance spectra 

were measured in a darkened room using a PX-2 light source. Pattern elements were 

illuminated with a ~5mm circular beam of light focused through a collimating lens 

oriented normal to the wing surface. A collector probe fitted with a collimating lens and 

with its optic path oriented at 45° relative to normal, gathered reflectance spectra through 
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an Ocean Optics spectrophotometer. Reflectance spectra were gathered using OOIbase3.2 

(Ocean Optics) and were made relative to an MgO white standard. 

Comparison and analyses of reflectance spectra

Reflectance spectra of the largest wing pattern element (determined by visual 

examination) that was not the background or ground color (usually black) were compared 

between open-dwelling and forest-dwelling species based upon their overall brightness, 

chroma, and ultraviolet reflectance according to methodologies summarized in Hill & 

McGraw (Montgomerie, 2006). Brightness was calculated as the integral of the spectral 

curve from wavelengths of 300 to 700 nanometers; the range of wavelengths thought to 

be visible to birds. Chroma, a measure of spectral purity or saturation, was calculated as 

the difference between the maximum and minimum reflectance percentages within a 

given reflectance spectrum. Finally, ultraviolet reflectance was calculated by integrating 

the area under the curve of a reflectance spectrum within the ultraviolet portion of the 

spectrum (300 to 400 nanometers). Ultraviolet reflectance was considered separately 

because bird predators are sensitive to this band of wavelengths. A higher reflectance in 

the UV concommitant with a similarly bright reflectance in the remaining wavelengths 

suggests a flatter overall reflectance patch that will likely be perceived as less chromatic. 

Angle-dependent colors were uncommon and were not measured in this study.
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Irradiance spectra and radiance calculations

Irradiance spectra typical of forest shade and open habitats were collected by J. 

Macedonia from Grand Caymen Island during the middle of the day? (Macedonia 2001). 

A hemispherical cosine-corrected collector was used to measure downwelling ambient 

light on sunny days (when the sky was at least 1/3 blue) by orienting the lens of the 

collector upward in open and forest habitats when the sun was not obscured by clouds. 

These irradiance spectra are considered representative of open and forest habitats due to 

the general similarities between the geometry of forests and the effects forest geometry 

has on ambient light environment (Endler 1993). We justify using these irradiance spectra 

because ambient light habitats have been shown to vary little across multiple types of 

forests and open areas (Endler 1993) and the middle of the day is when butterflies are 

most likely to be on the wing. 

The radiances of colored or bright (non-black) patches under both forest shade and open 

enviroments were calculated by multiplying the reflectance spectrum of each patch by the 

spectrum of illumination under which it would be perceived. We also calculated radiances 

of patches with illumination under which they would not typically be perceived. This 

allowed comparisons of overall reflected light within groups between light environments 

and between groups and light environment.
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Modeling of bird vision tetrahedral color space

Birds' visual system responses to butterfly reflectance patches were modeled using Endler 

& Mielke's tetrahedral color space model (2005). To describe how a bird would visualize 

that particular color patch this model combines information about the reflectance of the 

color patch of interest as gathered in the laboratory, irradiance under which the patch 

would commonly be viewed, and the transmission and absorbance properties of the bird 

visual system (ocular media, oil droplets, light-sensitive cone cells). Ocular transmission 

properties and absorbance spectra of blue tit and pea fowl cones and double-cones were 

obtained from microspectrophotometric studies performed by Nathan Hart (Hart 2002).

Bird visual system response is characterized by three coordinates (x,y,z) that reside in a 

tetrahedral color space. The vertices of this tetrahedron indicate absolute excitation of 

only one of four light-sensitive cones (UV, S, M, L) in the retinae of birds while the 

center of the tetrahedron indicates an equal excitation of all 4 cones, and thus, an 

achromatic stimulus with a “flat” reflectance spectrum (i.e. black, white, or gray). The 

relative excitation of each of these cone classes by a given color patch places it 

somewhere in a unique position within this tetrahedron. The exact method by which color 

patches are placed within the tetrahedron are discussed in detail in Endler & Mielke, 

2005; but will be covered only briefly here.
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Reflectance spectra of the primary and ground color patches of butterfly wings, and 

irradiance spectra under which these patches would commonly be viewed, were input 

into a visual modeling program called Avicol (Gomez 2011), which uses absorbance 

spectra of bird cones to generate output as raw excitation of bird cones. The relative 

excitation of each cone was calculated by dividing each raw excitation value by the total 

excitation of all four cone classes. Relative excitation values are then used to determine 

x,y, and z coordinates within the tetrahedral color space using the following formulae:

x =  ((1-2s-m-u)/2) √3/2

  y = (-1+3m+u)/2√2

z = u-1/4

Double-cone inputs were also calculated using raw output data from Avicol. Because 

double-cones are thought to be a separate visual channel primarily responsible for 

perception of intensity-contrast and motion-detection, we compared the inputs for the two 

main color patches on each species using in order to calculate an intensity contrast value. 

We report only the blue tit perception model data in this report, as they give very similar 

results and the visual system of the blue-tit may more closely resemble the common 

predators of butterflies. 
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Interpreting visual modeling coordinates

By definition color patches that excite all cones to a very low degree, i.e to reside at the 

center of the tetrahedron one or near (x,y,z) = (0,0,0),  are assumed not only to be

 achromatic, but perceived as “black.”   In practice, a color patch that produced an 

excitation of less than 0.10 for all four raw cone inputs was considered to occupy the 

center of the tetrahedron. This 0.10 criterion was set to allow for the noise of spectra that 

have very low reflectance over all wavelengths.

Using the tetrahedral coordinates for each patch we calculated the theoretical chromatic 

contrast between the two largest color patches for each species as observed by birds. The 

perceived chromatic contrast between these patches is estimated by the Euclidean 

distance between the patches within the color space. Additionally, we estimated perceived 

chromaticity of a color patch as its distance from the center of the tetrahedron. Because 

ground color patches tended to have very low reflectance and were either black or 

extremely dark brown, their perceived chromaticity measurements were not considered in 

our comparative analyses of perceived butterfly chromaticity. Instead, only the colorful 

and/or bright patches were considered. 
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Phylogeny and trait mapping

Phylogenies were compiled from the most recently available phylogenies in the scientific 

literature and from the Tree of Life Project (www.tolweb.org) and entered into both 

Mesquite and MacClade (Maddison and Maddison, 2005; Maddison and Maddison, 

2011) phylogenetic analysis tools.  

Natural history traits and perceived chromaticity were binary characters and mapped as 

such upon the constructed phylogeny. Open-dwelling species were given a value of 

“zero” for the trait of flight habitat, while forest-dwelling species were given a value of 1. 

Likewise, those species that exhibited perceived chromaticity values of less than 0.5 were 

considered to be less chromatic or “low-chroma” and were given a value of 1 for the 

chromatic trait, whereas species that showed perceived chromaticity values of greater 

than 0.5 were considered to be given a value of “zero.” The cut-off of 0.5 was used 

because, while technically a perceived chromaticity of approximately 1 is possible, this 

would require monochromatic light, which would not occur in nature. Chromaticity 

values of near 1, however, are conceivable, and thus we chose half of that measure, 0.5, 

as a cut-off value for distinguishing between patches with high and low chromaticity.

14
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Statistical analyses

t-tests were performed to compare averages of brightness, chroma, hue and ultraviolet 

brightness between groups of forest-dwelling species and field-dwelling species. T-tests 

were also used when comparing the brightness contrast values obtained from double-cone 

inputs. These tests were carried out using the Open Office Calc program 

(www.openoffice.org).

We used Fisher's Exact Test to test for correlations between discrete variables so each 

species was scored with respect to light environment and perceived chromaticity as 

described above. To determine whether evolution of high or low chromaticity in 

aposematic groups was correlated with ambient light environment, non-parametric 

statistical analyses that correct for phylogenetic non-independence are needed. We used 

two such analytical methods to test this hypothesis Pagel's test of correlated discrete 

character evolution (Pagel, 1994; Maddison and Maddison, 2011) and the concentrated 

changes test of MacClade (Maddison and Maddison, 2005).  We utilized these two 

phylogenetic tests because they focus on slightly different aspects of the phylogenetic 

tree and corroboration of the separate results strengthens hypotheses tested.

Pagel's test for correlated evolution of two binary traits uses simulations of distributions 

of traits and hypothetical ancestral traits on a phylogeny to generate complex matrices of 
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probability distributions at node on the phylogenetic tree. These are used to arrive at two 

logarithmic likelihood values, the difference of which produces a test statistic that 

corresponds to a chi-squared distribution.

MacClade's concentrated changes test uses different methodologies to test for correlated

evolution of binary traits. It is similar to Pagel’s test for correlated evolution in that it 

compares simulations of distributions of characters across a phylogeny to generate a 

likelihood probability that two traits co-evolved at a frequency that is significantly greater 

than random. It also corrects for the non-parametric and non-independent nature of 

phylogenetic data. 

Results

Brightness, chroma, hue and ultraviolet of the reflectance spectra

As predicted the non-black color patches of forest-dwelling species were significantly 

brighter (p = 0.0005; Table 1) and less chromatic (p < 10-7)than than those of open-

dwelling species. The average chroma of open-dwelling species was 2.92, while that of 

forest-dwelling species was 1.61. These results indicate that field species of aposematic 

butterflies tend to exhibit more saturated color patches generated by pigments.  
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The lower calculated chroma of the forest-dwelling species means they have 

quantitatively flatter reflectance curves (Fig. 1). 

Brightness in ultraviolet wavelengths (300-400 nm) was also significantly different (p-

value = 0.0014) between butterfly species that live in open habitat and those that dwell in 

the forest with the latter group exhibiting far higher reflectance in the ultraviolet 

wavelengths. When considered with chroma, brightness and hue, the UV reflectance 

further indicates that the reflectance patterns of forest-dwelling species are consistently 

less chromatic than their field-dwelling counterparts.

Chroma and brightness of radiance

We compared the radiance for the four combinations of butterfly habitat preference and 

ambient illumination. The chroma of forest-dwelling butterflies was significantly less 

under forest illumination while differences between chroma approached significance 

under open illumination. The brightness of forest-dwelling butterflies was significantly 

higher than that of open-dwelling butterflies under both open and forest ambient light 

conditions. However, neither brightness or chroma changed significantly within open-

dwelling or forest-dwelling butterflies when radiance of patches was calculated using 

illumination under which they would not typically be viewed (Table 2).
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Comparing bird-perceived chromaticity and intensity contrast

Chromaticity calculations refer to the distance of a color patch on a butterfly wing from 

the achromatic center of the bird vision tetrahedron. Chromaticity measurements of 

darkly colored pattern elements were disregarded in these tests because they generally 

present cone inputs well below the cut-off of 0.1 and thus provide little information 

regarding the perception of the signal. They are, however, considered in perceived 

contrast measurements. Higher chromaticity measurements indicate a patch that is 

perceived as more colorful when viewed within the ambient light environment in which it 

is generally displayed, while lower measurements signify a less colorfully perceived 

patch. 

Perceived color contrast between the primary pathes and the dark ground color was 

significantly lower on average in forest-dwelling butterflies than those that live in open 

environments (p = 0.000123; Table 2). Perceived chromaticity was also much lower in 

forest-dwelling butterflies (p = 5.02E-13). Estimates of perceived intensity contrast using 

double-cone inputs were significantly different between open- and forest-dwelling 

species (p = 0.001). These calculations incorporated the environmental irradiance under 

which the color patches would be perceived. Perceived intensity contrast was higher in 

forest-dwelling species than in open-dwelling species, indicating brighter and less 

chromatic patterning in forest-dwelling species.
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Phylogenetic tests

Phylogenies generated in Mesquite and MacClade were used to test for correlated 

evolution of low-chroma patterns within low-light/forested environments. The 

distribution of chromaticity and natural history across the phylogeny is represented in 

Table 4. The phylogenies contain identical information regarding the relations of study 

species, but each program provides unique ways of testing for correlated evolution of 

traits (see Methods). Therefore we only show one phylogeny for reference. Fig. 2 shows 

the phylogenetic relations of all test species with habitat and chromaticity coded as 

branch color.  Pagel's test for correlation between perceived chromaticity and flight habits 

produced a p-value of less than 0.001. When we analyzed the constructed tree using 

MacClade's concentrated changes test we produced a test statistic with a p-value of 0.022.

Discussion

Reflectance spectra show that that the warning signals that toxic butterflies have evolved 

differ fundamentally between species that live the in forest and those that live in open 

enviroments.  As expected the major non-black patches on the wings of unpalatable forest 

understory butterflies generally have reflectance spectra that are flatter, brighter in the 

ultraviolet, and brighter across all visual wavelengths (Table 1 & Fig. 1) and will produce 

warning colorations that are more effective in this environment. Also, forest-dwelling 

butterflies 
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had a average hue value shifted toward shorter wavelengths, further indicating in 

objective terms that they are not red, orange, or yellow. In contrast and also as predicted, 

distasteful butterflies that inhabit open environments tend to have patches that display 

chromatic reflectance spectra with strong inflection points and generally reflect 

wavelengths longer than 550 nanometers (i.e. yellow-red).  

Radiance measurements of non-black patches corroborated findings from reflectance 

parameter measurements.  Under forest illumination, the radiance from patches in forest-

dwelling species were significantly be brighter over all visible wavelengths than those 

from open environment species.  Interestingly, this was also true when patches from both 

groups were illuminated with open irradiance.  Chroma of forest butterflies was lower 

than open-dwelling species when radiance was calculated with open or forest irradiance, 

but was significantly different only in the forest. This, taken with brightness comparisons 

of radiances further suggests that chroma is less important in forest illumination, where 

brightness is essential for effective visual warning signals. What is more, within groups 

of butterflies the chroma of neither group changed significantly between open and forest 

irradiance. This finding may have further implications regarding the effects of light-

environment on chroma and the importance of chroma of signals which have evolved 

under illumination that differs in intensity and wavelength availability (see Endler, 1993). 
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Warning signals seen through the eye of avian predator

In addition to objective spectral differences between open and forest-dwelling toxic 

butterflies, we have demonstrated that bird predators perceive the aposematic patterns of 

butterflies in their respective environments in very different ways. Species that live in 

open environments tend to have a higher perceived chromaticity according to bird visual 

modeling and thus are likely to be perceived as highly chromatic under the irradiance 

typical of open environments. In contrast, those butterflies that fly in closed light 

environments tend to exhibit very low measures of perceived chromaticity and therefore 

are likely to be perceived as less chromatic or nearly achromatic.  But high brightness 

contrast?

The reflectance spectra and tetrahedral color space measurements of open-dwelling 

butterfly species follow Endler's hypothesis that color patches that most closely match the 

available ambient light prevail as effective signals. However, this study suggests that, 

while less chromatic signals do not necessarily match the wavelengths that are most

abundant in all of the ambient light spectra found within the forests, their spectra may 

still be efficient signals indicating toxicity because they reflect most visible wavelengths 

(~330-700nm). Thus, they should act as general reflectors, reflecting whatever 

wavelengths of light are available. This may be an adaptive strategy for producing bright 

memorable signals that indicate distastefulness or unprofitability.
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The analysis incorporating double-cone receptors also provides evidence that the two 

groups of butterflies are different with regard to their pattern elements. Double-cones are 

the most prevalent light sensitive cell in avian retinae, next to rods, and may be 

responsible for achromatic, brightness, motion, and edge detection, however, they are not 

useful in hue discrimination or color vision (Vorobyev & Osorio, 1998; Osorio & 

Vorobyev, 2005). When internal contrast between pattern elements is calculated, those 

butterflies that primarily fly in forest light environments have a significantly higher 

internal contrast when we consider the quantum catch of double-cones. This may be 

another evolutionary avenue by which less chromatic but highly contrasting aposematic 

butterflies alert birds to their distastefulness. Bright low chroma signals in forest 

environments may also be detectable from a longer distance than that allowed by color 

contrast conferred by the other four light-sensitive cones.

Correlated evolution of warning coloration and habitat preferences

Correlated evolution of bright and low chroma warning signals with flight habits within 

forest light environments was supported by all parametric and non-parametric tests 

performed in this study. Though the concentrated changes test performed was slightly 

above generally accepted statistical significance at the 0.05 level (0.056), we suggest that 

in conjunction with Pagel's test indicating evolutionary correlation and our other 

parametric tests (with p-values lower than 0.05) that this study provides strong evidence 

for a correlation between forest light environments and bright warning signals with low 

chroma. 22



The suggestion of correlation between bright but low-chroma warning signals and forest 

light environments is perhaps more convincing given the disjunct and disparate 

geographic origins of the butterfly groups examined in this study.  These include groups 

from three tropical areas: Central and South America, Africa, and Asia. When we 

consider that the groups studied evolved in disparate regions of the world, but likely 

under similar ambient light habitats, the evolutionary convergence on largely achromatic 

pattern elements further bolsters the hypothesis that there is an evolutionary correlation 

between these patterns and the light environments in which they evolved.

Implications for low-chroma patterning in other animals

Many achromatic pattern elements exhibit a relatively flat reflectance spectrum in the 

range of wavelengths to which human are sensitive and so appear white to humans.  

However, many of these spectra show sharp drops in reflectance in the ultraviolet 

wavelengths and so would not appear white but chromatic to the many animals that have 

visual sensitivities that extend into the ultraviolet, such as insects, fish, reptiles, birds, and 

some mammals (Maier, E. J. & Bowmaker, J. K. 1993; Sillman, A. J., Govardovskii, V. I. 

& Loew, E. R. 1997; Palacios, A. G., Srivastava, R. & Goldsmith, T. H. 1998; Leal & 

Fleishman 2002; Peichl et al. 2005; Skorupski & Chittka 2010).  For example, if we 

consider pierid butterflies (many of which appear white to humans) we must consider that 

they actually possess pterin pigments that absorb ultraviolet light (with few exceptions). 

Therefore, these patterns would exhibit considerably different reflectance spectra than 
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those many species examined in this study. In fact, these patterns likely would appear 

highly chromatic to both butterflies and birds. This supposition is supported by the fact 

that there is little evidence to suggest that pierid butterflies are aposematic (Lyytinen et 

al. 1999).  Laboratory measurements—spectrophotometric, chromatographic, or 

otherwise— are critical to assess whether what is being described appears as a truly 

achromatic stimulus to the species in question.

However, a small number of bright markings with low chroma in a number of other 

groups of organisms have been implicated in aposematism, supporting the hypothesis that 

relatively achromatic signals can function in aposematic displays, especially when 

produced and viewed in low light. The Bandy-Bandy (Vermicella annulata), a primarily 

nocturnal snake, exhibits bright pattern elements with low chroma that are thought to be 

aposematic (Shine 1980). White or low-chroma markings in aggressive and defensive 

mammalian carnivores such as skunks have been found to be correlated with nocturnal 

nocturnal (Stankowich, Caro & Cox 2011). Some deep-water nudibranchs, a group of 

poisonous molluscs, have been noted to be curiously white-ish as well (Valdés 2001). 

Thus, bright pattern elements with very low chroma and chromaticity should be 

considered as potentially important informative portions of patterns of animal 

integument.
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Future directions

Forest butterflies fly not only within a heterogeneous light environment, but also against 

an ever-changing background. Using bird visual modeling to compare butterfly color 

patterns with the background (or an averaged background) of the forest understory would 

be a promising avenue of research to further test the hypothesis that bright warning 

signals with low chroma are reliable and more likely to have evolved in forested 

environments. 

Furthermore, while visual modeling has advanced greatly within the last decade, it is also 

always important to test hypotheses in as many ecologically relevant contexts as possible. 

To further test the potentiality of the adaptive nature of low-chroma signals, it is 

important to investigate how live birds react to bright visual stimuli with low-chroma that 

many toxic butterflies exhibit under field conditions. Furthermore, it is possible that 

conspecifics of each of the study species have shaped the evolution of their patterning for 

species recognition or mating signals. Investigations into how butterlfy visual systems 

interpret these signals may provide insight into other pressures that shape butterfly 

patterns.

Mechanisms by which broadband low-chroma coloration are generated, and how they 

differ in intensity and reflectance characteristics, may also be a fruitful area of future 

research. Broadband scattering requires cuticle (or integument in the case of vertebrates) 
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containing microstructures that randomly and efficiently scatter light of all visible 

wavelengths (Giraldo, Yoshioka, & Stavenga, 2008; Stavenga, Giraldo & Leertouwer, 

2010). It is likely that bright low-chroma scales in butterflies arose from scales that 

already contained pigment or some type of selective reflector. The evolutionary 

mechanisms that would cause these changes and select for them may be a fertile foray 

into a unique type of aposematic signaling.
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Table 1: Comparison of average brightness (overall), chroma, and UV brightness between 

open-dwelling and forest-dwelling species of aposematic butterflies. Results of t-test 

comparisons are shown.  

Open Forest p-value 

Brightness 5293 8754 0.0005

Chroma 2.92 1.61 3.80E-08

UV Brightness 378 1130 0.001

Table 2:  Comparison of chroma and brightness of radiances between open and forest-

dwelling butterflies under open and forest illumination .

Open-dwelling Forest-dwelling p-value

Brightness Open irradiance 215.5 302.22 0.0059

Forest irradiance 181.52 278.43 0.0011

p-value 0.14 0.27

Chroma Open irradiance 1.93 1.63 0.106

Forest irradiance 1.98 1.58 0.036

p-value 0.77 0.68
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Table 3: Comparison of avian-perception model parameters between open-dwelling and 

forest-dwelling species of aposematic butterflies.

Open Forest T-Test

Perceived Contrast 0.37 0.23 0.000123

Chromaticity 0.49 0.24 5.02E-13

Double-cone 
absorbance

2.27 3.63 0.001

Table 4: Using the criteria in the Methods, butterflies were scored as open-dwelling or 

forest-dwelling and as more or less chromatically perceived by birds (n = 90). The p-

value for the Fisher's exact two-tailed statistic is less than 0.0001, indicating a correlation 

between forested environments and aposematic butterflies with patches that exhibit low 

chroma.

More Chromatic Less Chromatic

Open-dwelling 12 1

Forest-dwelling 9 68
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Fig. 1. Images of four select study species and the reflectance of their largest non-black 

patch. Measurement areas are indicated by black circles on one of the wings. Figs 1a 

(Amauris niavius) and 1b (Danaus chrysippus) belong to the subfamily danainae; while 

figs 1c (Heliconius cydno) and 1d (Heliconius clysonymus) belong to the heliconinae. 

The reflectance spectra of figs 1a and c are examples of forest-dwelling butterflies and 

illustrate the relatively flat appearance of the reflectance spectrum indicating that most 

visible wavelengths are reflected to a similar degree. The reflectance spectra of figs 1b 

and d, however are those of open-dwelling butterflies and show a selectively reflecting 

patch indicated by the low reflectance of wavelengths below 550nm.
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Fig. 2. Current consensus of phylogenetic relations of all species in this study as 

summarized by The Tree of Life web project (http://www.tolweb.org/). Both trees are 

identical, but the tree on the left has the trait for habitat mapped upon it, while the tree on 

the right has mapped upon it the trait of chromaticity. Blue branches on the left tree 

indicate forest-dwelling habits and blue branches on the right tree indicate low 

chromaticity. To the right of the species names are two colored squares that indicate first 

habitat, then chromaticity traits.
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