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Summary
1. The overwhelming focus of studies on communication has been on interactions among conspeciﬁcs. However, communication is often selected by a complex network of disparate
intended perceivers and eavesdroppers belonging to multiple species. Shifting towards a multiple-perceiver paradigm requires a framework to compare the perception of signals across the
diﬀerent community members. Here, we present the stimulation landscape, a generalist model
that achieves this goal.
2. A stimulation landscape consists of a multidimensional space describing every possible stimulus for a given signalling system, to which is added one dimension indicating for each stimulus its conspicuousness for a given perceiver. Random sampling of stimuli in the landscape
then allows computing a reference distribution of conspicuousness, which is used to standardize the observed conspicuousness.
3. The stimulation landscapes corresponding to the diﬀerent perceivers participating in a communication system all have the same dimensionality and scaling. They can thus be combined
to describe the amalgamation of the selective forces exerted on a signal by the distinct sensory
systems of multiple perceivers.
4. We detail the model in the context of colour signalling and apply it to the case of sexual
communication in songbirds. Songbirds have a diﬀerent visual system than their main predators, the birds of prey. We therefore asked whether songbirds evolved colour signals that can
mediate the trade-oﬀ between sexual selection exerted by conspeciﬁcs and natural selection
exerted by birds of prey. We show that yellow – not ultraviolet colours as previously thought –
maximize the diﬀerence of conspicuousness to songbirds and to birds of prey, but that the perceptual similarities between these two groups generally hamper the evolution of private visual
communication in songbirds.
5. The stimulation landscape is a valuable tool to investigate the role of communication in
structuring the large networks of interactions between species. We further show that the stimulation landscape is related to the evolutionary model of adaptive landscape. By explicitly
addressing communication in a community context, the stimulation landscape contributes to
bridge the current gap between evolution and ecology.
Key-words: adaptive landscape, bird, colour space, colour vision, community, private
communication channel, signal

Introduction
Communication is ubiquitous, occurring in all organisms
from unicellular to humans and in all types of interactions,
from mutualisms and symbiosis to predation, parasitism
and mate choice (Searcy & Nowicki 2005). In all these
*Correspondence author. E-mail: jujurenoult@hotmail.com

interactions, communication has been typically studied as
a binary game between signallers and perceivers. Although
this binary perspective has allowed elucidating fundamental aspects of communication, like the evolutionary stability of honesty and the co-evolutionary dynamics between
signallers and perceivers (Maynard Smith & Harper 2003),
it does not account for the multiple selective forces
shaping communication systems that are most frequently
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embedded in a myriad of interactions (McGregor 2005). In
this paper, we present a framework that allows comparing
the perception of signals among perceivers and, more generally, studying quantitatively communication at the
community level.
Colour signalling has been arguably the most studied
channel of communication in ecology and evolution, producing insights on niche partitioning, community structuring and speciation (Hill & McGraw 2006; Bennett & Thery
2007). A major breakthrough in studies on colour signalling happened with the use of spectrometry. Spectrometers
allow objective and quantitative measurement of colours.
In particular, spectrometers can characterize ultraviolet
radiations, which are now known to play signiﬁcant roles
in the communication among various organisms but which
remain invisible to our eyes (Jacobs 1992). In the 1990s,
researchers in ecology started applying the Principal Component Analysis (PCA) to natural reﬂectance spectra with
the goal to summarize the large number of variables provided by spectrometers (e.g. Cuthill et al. 1999). The
method was not new as it has been used in photographicscience application since the mid-twentieth century (Tzeng
& Berns 2005). Today, PCA is still a widely applied
method in colour technology to describe the physical
property of colours (Tzeng & Berns 2005).
During the last decade, several articles cautioned about
using PCA in studies in ecology and evolution because
principal components (PCs) have no relationship with
known visual mechanisms related to the sensation of colour perception (e.g. see Endler & Mielke 2005). An
increasing number of studies thus used models of visual
perception describing how we humans perceive colour
stimuli. However, the perception of colours is dependent
on the sensorial apparatus of animals, which varies among
€
species (Odeen,
H
astad & Alstr€
om 2011). A second turning
point in research on colour signalling thus arose with the
use of species-speciﬁc models of colour perception. Such
models contributed to signiﬁcant advances in the ﬁeld of
animal communication. In particular, they have helped
recognizing the major role of the sensory ecology of the
perceiver in shaping the design of signals (Endler et al.
2005; Stoddard & Prum 2008). Such an advance contributed to embed ecologically orientated topics, like ﬂower
and fruit dispersal syndromes, into evolutionary frameworks, like the model of sensory bias (Lomascolo et al.
2010).
A strong limitation to current models of colour perception is the impossibility to compare them across species.
With these models, for example, one can study whether
ﬂower species A is more contrasting against the background (referred as ‘conspicuousness’ hereafter) to a bee
pollinator than ﬂower species B is, but one cannot ask
whether species A is more conspicuous to a bee than it is
to a butterﬂy. The main reason for this limitation is that
diﬀerent species have colour spaces with diﬀerent dimensionalities. A colour space is a graphical representation
of the perception of coloured stimuli (Chittka & Brock-

mann 2005). In a colour space, the distance between two
colour loci is proportional to the conspicuousness of one
colour seen against the other one. The dimensionality of
a colour space is mainly determined by the number of
photoreceptor types used to perceive colours. For examples, while most birds and ﬂies are tetrachromats (i.e.
they use four types of photoreceptors), Old World
primates and bees are trichromats and most mammals
and ants are dichromats (Osorio & Vorobyev 2008).
Inconveniently, distances in a four-dimensional colour
space usually do not span equally as in a two- or threedimensional space. Furthermore, there is no psychophysical basis to assume that the maximal distance in a
four-dimensional colour space corresponds to a pair of
colours that are perceptually more conspicuous against
each other than the pair with the maximal distance in a
lower-dimensional space. On the contrary, a number of
studies have revealed that at the individual level,
capacities in perceiving colour distances are regulated by
previous experiences with colour stimuli (e.g. in bumblebees; Dyer & Chittka 2004), thereby highlighting the
need to consider perceptual distances between colours as
a relative notion.
The impossibility to compare perceptual spaces strongly
hampers their application in ecology and evolution
because communication systems usually involve multiple
species. This is most obvious in the generalized interactions that involve dozens of species and that characterize
most mutualisms (Bascompte & Jordano 2007). But even
in more specialized interactions, such as when one individual intentionally interacts with individuals of the same
species as in male–female sexual interactions, communication is inﬂuenced by other species such as predators and
parasites (Endler 1980; Hamilton & Zuk 1982). Indeed,
core paradigms on communication among the sexes such
as the handicap principle and the Hamilton–Zuk hypothesis explicitly assumes that the eﬀects of predators and
parasites render epigamic signals informative to potential
mates (Hamilton & Zuk 1982). Consequently, signals
result from multiple and possibly conﬂicting selective
forces, which can be exerted by distinct species (Endler
1980).
In this article, we introduce the stimulation landscape, a
new model combining the beneﬁts of PCA and models of
colour perception, which allows comparing the conspicuousness of signals across species. The ﬁrst section presents
the model. As an example of application, we then use the
stimulation landscape to compare the perception of colours between songbirds and birds of prey. Speciﬁcally, we
re-evaluate the suggestion that ultraviolet signals could
function as a private communication channel in songbirds
€
(Guilford & Harvey 1998; H
astad, Victorsson & Odeen
2005). In the discussion, we will argue that the stimulation landscape is a powerful framework that can be
applied to study many communication systems with multiple perceiving species, including those using non-visual
senses.

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 718–729

720 J. P. Renoult et al.
describes the dimensionality of the colour space (Osorio &
Vorobyev 2008). To compare colour spaces among species,
it is thus necessary to work with spaces whose dimensionality is identical for every species participating in a
communication process.
Colour stimuli are characterized by their reﬂectance
spectra. In a ﬁrst step, we represent colour stimuli in a
spectral space, which represents the possible physical variation in colour stimuli (Fig. 1 step 1a). Spectral spaces are
interesting in that they have a ﬁxed, predeﬁned dimensionality (e.g. 401 dimensions if the percentage of reﬂected
light is given for each nanometre within the range 300–
700 nm); however, they are uninformative about how species perceive stimuli. The next step is then to combine
information on the perception of stimuli with a spectral

The model of stimulation landscape
MODEL OVERVIEW

The goal of the model is to make interspeciﬁc comparisons
of the perception of a given coloured signal. The perception of coloured signals is modelled using a colour space.
We assume that colour spaces vary between but not within
species. This is not strictly true given that studies have evidenced substantial interindividual variation in the perception of colours (Chittka & Brockmann 2005). However, it
is still unknown how important this intraspeciﬁc variation
is. We further assume that most of the variation between
colour spaces is determined by the number of photoreceptor types used to process colour stimuli, which
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Fig. 1. Construction and use of the stimulation landscape.
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space. Here, one is interested by the conspicuousness of a
visual stimulus when perceived against a background stimulus. In a colour space, setting the background stimulus to
constant allows describing the conspicuousness of the signalling stimulus with a unique variable (Fig. 1 step 1b). A
stimulation landscape then consists of a spectral space plus
one dimension that indicates, for each stimulus, its conspicuousness when seen against another ﬁxed stimulus
(Fig. 1 step 1c). Within a given communication system, the
dimensionality of the stimulation landscape is identical
among perceivers. ‘Peaks’ in the landscape indicate colour
stimuli that are maximally conspicuous, while ‘valleys’
indicate inconspicuous stimuli similar to the background
coloration.
Estimates of conspicuousness are eventually standardized within the interval [0, 1]. This is because in most colour spaces, the dimensionality of the colour space
determines the values of conspicuousness. Put diﬀerently,
with the widely used formulae provided by Kelber, Vorobyev & Osorio (2003) to model colour spaces, the distance
from the centre of a triangle (for trichromatic vision) to
one of its apices is 082, while the distance from the centre
of a tetrahedron (for tetrachromatic vision) to one of the
vertices is 087. Standardization of conspicuousness is
achieved by randomly sampling a large number of stimuli
(usually >103) in the stimulation landscape and by substituting the original colour distances between the stimuli and
the background by their cumulative density, through the
computation of the empirical cumulative distribution of
the original distances (Fig. 1 step 2). Indeed, if the distribution of conspicuousness across the stimulation landscape
was uniform or Gaussian, we could standardize it based on
maximum and minimum, or on z-transformation, respectively. Because there is no a priori reason to expect such
simple distributions, we standardize conspicuousness using
the more general method, that is, the quantile functions
based on the cumulative distributions. Estimate of conspicuousness into such standardized value corresponds to the
fraction of randomly sampled values that are lower or
equal to a given value of conspicuousness. For example, if
a colour with an original conspicuousness of 25 has a standardized value of 03, it implies that 30% of the simulated
colours have conspicuousness lower or equal to 25.
The constant dimensionality of stimulation landscapes
among perceivers allows broad applications that go
beyond the mere comparison of visual abilities between
species. For example, stimulation landscapes from perceivers with diﬀerent sensory systems can be added, subtracted
or weighted to create synthetic landscapes that describe the
amalgamation of the combined or relative stimulation of
multiple perceivers participating in communication systems
(Fig. 1 step 3).
DIMENSIONALITY OF THE SPECTRAL SPACE

Although the dimensionality of a spectral space is typically
high, it can be reduced considerably. For two reasons, it is

helpful to reduce the dimensionality of a spectral space to
build a stimulation landscape. First, on practical grounds,
data exploration is strongly facilitated in low-dimensional
parameter spaces. Exploring the shape of the landscape,
for example to identifying global and local ‘peaks’, will
require to optimize a function linking the standardized
conspicuousness to the variables describing the spectral
space. Speed and accuracy of optimization algorithms are
strongly enhanced if the number of free parameters in the
function to optimize is reduced. Second, a low-dimensional
spectral space is necessary to account for the constraints
that underlie the physical process of light reﬂection and
thus to standardize the conspicuousness of signals using
biologically realistic simulated colours (see Discussion and
Fig. S1 in Supporting information). Indeed, standardization requires simulating reﬂectance spectra by sampling
random values at each variable that characterizes the spectral space. As reﬂectance spectra typically consist of a large
number of values, a spectral space could easily be
described with hundreds of variables. However, randomly
sampling hundreds of variables independently would generate spectra with numerous sharp peaks (Fig. S1a, Supporting information), which do not resemble the highly
autocorrelated and thus smoothly shaped spectra observed
in nature (Fig. S1d, Supporting information; Jaaskelainen,
Parkkinen & Toyooka 1990).
We propose using the PCA to recover the ‘ecologically
relevant dimensionality’ of the spectral space (ERD hereafter), that is, the minimal number of variables in a spectral
space that is needed to characterize all the perceptible variation among the reﬂectance spectra. Recovering the ERD
follows a three-step iterative process. First, a PCA is
applied to the spectral data set to calculate PC scores and
to deﬁne a linear combination of principal components.
Second, a complete spectral data set is reconstructed using
the scores and the linear combination of i principal components. Third, the ﬁt between original and reconstructed
data sets is calculated to estimate the accuracy of data
reconstruction. These three steps are repeated increasing i
(Figs. S2 and S3, Supporting information).
In more details, treating a data set of q reﬂectance spectra as a matrix S of size k x q, with k corresponding to
wavelength, principal components are linear combinations
of the eigenvectors ei with nonzero eigenvalue (i ∈ [1,h];
h  k) of the variance–covariance matrix of S. Coeﬃcients of the linear combinations are such that PC1 has the
largest possible variance, and each succeeding principal
component has the highest variance while being constrained to be orthogonal to the preceding component. A
reﬂectance spectrum of S can be exactly described by the
linear combination of PCA scores including all of the h
components because this combination describes the complete spectral space after rotation. If the number of principal components is lower than h, a reﬂectance spectrum of
S can still be reconstructed but with a certain degree of
imprecision depending on the number and rank of the
principal components used in the linear combination. The
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linear combination of PCA scores describes indeed a subspace of the spectral space (for details, see Tzeng & Berns
2005).
Applying this method and estimating statistically the ﬁt
between original and reconstructed data sets, studies in
colour technology revealed that between ﬁve and eight
principal components are enough to characterize variation
among the reﬂectance spectra of natural surfaces over the
range 400–700 nm (Maloney 1986; Jaaskelainen, Parkkinen & Toyooka 1990). The studies in ecology, the selected
number of components depends on the identity of the perceiver. For example, it will be higher for species that can
discriminate among thousands of colours than for species
possessing achromatic black-and-white vision only. We
thus propose to evaluate the ﬁt between reconstructed and
original spectra through the similarities between the two
types of spectra as perceived by the species with the best
abilities to discriminate colours among the perceivers participating in communication. The ability to discriminate
between original and reconstructed spectra is implemented
using a psychophysical model of colour discrimination.
The ERD then corresponds to the minimal number of
principal components necessary, so that a high ratio (set to
095 in this study) of reconstructed spectra is not perceived
as diﬀerent from original spectra by a given perceiver
(Figs. S2 and S3, Supporting information).
Psychophysical models of colour discrimination are
available for few animal species only. The terrestrial animal with the highest known colour discrimination abilities
is the butterﬂy Papilio xuthus (Koshitaka et al. 2008).
Using a large data set of thousands of ﬂoral reﬂectance
spectra, we determined eight dimensions as the ERD of
the spectral space of P. xuthus (data not shown). Eight
dimensions should therefore be suﬃcient to accurately
describe most spectral spaces. Given that eight components
still allow simulating smooth-shaped reﬂectance spectra
(the main reason to reduce the dimensionality of the spectral space), we recommend setting the ERD to eight if no
model of colour discrimination is available.

Application to sexual signalling in birds
Two main types of visual systems are classically recognized
among diurnal birds: the ultraviolet-sensitive and the violet-sensitive systems (Renoult, Courtiol & Kjellberg 2009;
€
Odeen,
H
astad & Alstr€
om 2011; Aidala et al. 2012). The
two systems diﬀer in a number of parameters including the
sensitivities of ultraviolet and blue photoreceptors, peaking
at 367 and 444 nm, respectively, in the ultraviolet-sensitive
system and at 412 and 452 nm in the violet-sensitive system (Hart & Vorobyev 2005). Among the species studied
so far, most songbirds possess the ultraviolet-sensitive system, while birds of prey, the main predators of songbirds,
€
possess the violet-sensitive system (Odeen,
H
astad &
Alstr€
om 2011; Aidala et al. 2012). The diﬀerences in peak
sensitivities between ultraviolet- and violet-sensitive systems have led several authors to conclude that ultraviolet

signals could function as private channels of communication in songbirds, that is, they could have evolved to communicate with conspeciﬁcs while minimizing detection by
avian predators (Guilford & Harvey 1998; H
astad, Vic€
torsson & Odeen
2005). In this section, we will use stimulation landscapes to compare coloration of epigamic signals
as seen through the ultraviolet- and violet-sensitive visual
systems and to re-examine the private channel hypothesis.
We chose this case of private communication because it is
a textbook example that has nevertheless remained contentious (G€
oth & Evans 2004; Stevens & Cuthill 2007).

Materials and Methods
We studied the coloration of males and females of 51 bird species
(38 with ultraviolet-sensitive and 13 with violet-sensitive colour
vision) selected from the review of Hill (2006; pp. 140–148, Table
41), who compiled studies on sexual selection in birds involving
visual communication. Each species was assigned either to the
ultraviolet-sensitive or violet-sensitive visual system based on their
position in avian phylogenies (Hackett et al. 2008) and on data on
the visual system obtained with microspectrophotometric or
€
molecular analyses in related species (Odeen,
H
astad & Alstr€
om
2011; Aidala et al. 2012). For each species, we measured coloration of the same ﬁve body parts in 3–5 males (mean = 48  048)
and 1–5 females (mean = 42  112): breast, wings (greater
coverts), ear coverts, back (mid-distance between rump and nape)
and tail. In addition, we measured the colour of other body parts
(e.g. wing stripes, necklace, forehead; see complete list in
Table S1, Supporting information) that had been demonstrated to
be sexually selected by females in studies listed in Hill’s table
(n = 99 studies). The overall data set consists of 568 feathered
body parts including 89 epigamic (i.e. sexually selected) traits
(Table S1, Supporting information). Spectral measurements were
performed on museum skins, with a similar method as described
in Schaefer, Schaefer & Vorobyev (2007).
PCA was run with the 568 reﬂectance spectra to reduce the
dimensionality of the spectral space. To identify the ERD of the
spectral space, perceptual similarities between original and reconstructed spectra were evaluated using the receptor noise limited
(RNL) model of colour discrimination (Vorobyev & Osorio 1998).
The RNL model is a psychophysical model of colour vision
assuming that detection is mediated by chromatic mechanisms and
that detection thresholds are set by noise originating in photoreceptors used in colour vision. Noise-related parameters were similar to those used in Schaefer, Schaefer & Vorobyev (2007) and the
detection threshold was set to 1 JND. We used two sets of photoreceptor capture functions, corresponding either to an average
ultraviolet- or an average violet-sensitive visual system (for details,
see Endler & Mielke 2005). The illuminant spectrum was a
standard CIE D65 (CIE Pub 1986: Table 11).
Colour conspicuousness was evaluated using the Goldsmith’s
model of colour vision (Goldsmith 1990). The Goldsmith’s (1990)
model attempts to reconstruct a colour space of colour vision
based on the reﬂectance spectra of stimuli and the photoreceptor
capture functions (same functions as above). We deﬁned conspicuousness as the distance between stimulus loci and the centre of the
colour space, which is equivalent to setting the background as an
achromatic stimulus. We repeated the analyses using another
model of colour vision (Endler & Mielke 2005), which requires
specifying an illuminant (CIE D65) and a background coloration
(mean spectrum of leaf measurements). Given that both models
yielded similar results, only those obtained with the simpler Goldsmith’s (1990) model are presented hereafter (see the Discussion
section and Stoddard & Prum 2008).

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 718–729

Colour signalling to multiple species 723
We ﬁrst used a Kolmogorov–Smirnov (KS) test to compare the
range of values of colour conspicuousness between ultravioletand violet-sensitive systems and thus to evaluate whether standardization was necessary before comparing both visual systems.
We calculated non-standardized distances between background
and 105 colours that were randomly simulated within the spectral
space of ultraviolet- and violet-sensitive visual systems. Simulations were performed by randomly sampling each principal component within the interval deﬁned by extreme scores found with
the original spectra. Because the conspicuousness of random colours were consistently diﬀerent between both visual systems (see
results), we standardized conspicuousness before comparing these
systems with each other using the procedure described previously.
To illustrate how stimulation landscapes can be used, we ﬁrst
identiﬁed which colours show maximal conspicuousness in the
standardized stimulation landscapes of ultraviolet- and violet-sensitive systems. Global and local maxima in the landscape were
identiﬁed by optimization using the DEoptim function (Ardia &
Mullen 2010) of the DEoptim package for R (R Development
Core Team 2011). DEoptim allows the estimation of the scores at
the principal components maximizing the standardized conspicuousness. Then, we studied whether colour signals evolved to be
conspicuous to mates in both birds with ultraviolet-sensitive and
violet-sensitive visual systems. Working with standardized colour
distances, we compared the conspicuousness of epigamic and nonepigamic traits. To account for a potentially diﬀerent level of phylogenetically induced non-independence among epigamic traits
and among non-epigamic traits, the comparison was performed
using Generalized Estimating Equations (GEE) as implemented in
the R package ape (Paradis, Claude & Strimmer 2004); GEE are
an extension of generalized linear models for (phylogenetically)
correlated data. Conspicuousness was deﬁned as the continuous
dependent variable and the type of visual system as a categorical
independent variable. We selected a poisson family with a log-link
function, and a phylogenetic tree of the 568 body parts was used
to calculate the correlation matrix (see Data S1, Supporting information). Last, we studied whether birds with ultraviolet-sensitive
systems have evolved private channels of communication that
simultaneously maximize conspicuousness to conspeciﬁcs and minimize it to avian predators. We built a function calculating the difference of standardized conspicuousness between ultraviolet- and
violet-sensitive visual systems. This diﬀerence was treated as one
variable added to the spectral space to build a synthetic stimulation landscape as in Fig. 1 step 3. We then used DEoptim to
locate the global peak in this synthetic landscape, that is, to identify the colour that would best function as a private channel of
communication in songbirds. Finally, we tested (KS test) whether
epigamic traits sported by species with ultraviolet-sensitive vision
have higher standardized colour distances for the ultraviolet-sensitive systems compared with the visual system of predators, which
would be indicative of a private communication channel.

Results and Discussion
Using either the ultraviolet- or the violet-sensitive visual
system, we found that ﬁve components allowed more than
95% of reconstructed spectra to be perceptually identical
to the original spectra. As it typically occurs when using a
PCA with reﬂectance spectra (Maloney 1986), the ﬁrst
principal component was highly correlated with brightness,
which is the achromatic component of colour stimuli,
whereas the remaining components described variation in
spectral shape, that is, the chromatic component of colour
stimuli (result not shown). Because we were only interested
in the chromatic component of colour stimuli, we stan-

dardized reﬂectance spectra to have integrals of constant
value before performing the PCA again. With standardized
reﬂectance spectra, only four components allowed more
than 95% of reconstructed spectra to be perceptually identical to the original spectra (Fig. S3, Supporting information). The ERD of the spectral space was thus set to four,
and subsequent analyses were performed using standardized spectra.
Based on non-standardized colour distances, randomly
simulated colours were less conspicuous for the violet-sensitive system than they were for the ultraviolet-sensitive system (KS test: D = 004, P < 0001; Fig. 2a). The systematic
bias of the violet-sensitive system towards lower values of
perceived conspicuousness requires rescaling conspicuousness in both ultraviolet and violet-sensitive systems to render them comparable. In non-epigamic plumage colours,
we found that the majority of standardized distances have
very low values (42% and 80% of standardized distances
are below 01 and 03, respectively; Fig. 2b). The distributions of standardized distances from colour loci to the centre of the colour space are signiﬁcantly diﬀerent between
epigamic and non-epigamic traits (nepig = 89; nother = 479;
GEE: eﬀect = 058, F = 317, P < 0001; Fig. 2c). Epigamic
traits are more conspicuous, indicating that they have been
adapted to stimulate the sensory system of mates. The difference between epigamic and non-epigamic distance distributions is likely due to the signiﬁcantly higher proportion
of standardized distances above 03 (Fig. 2d) in epigamic
(51%) compared with non-epigamic (21%) colours (GEE
with ‘above/below 03’ and ‘epigamic/non-epigamic’ as
dependent and independent variables, respectively, and a
binomial family with logit link function: eﬀect = 157,
F = 429, P < 0001). Consequently, we will use 03 as a
threshold to deﬁne adaptation to the sensory system of
perceivers and thus conspicuousness.
Epigamic traits sported by species with ultraviolet-sensitive vision (n = 66) had marginally higher standardized
distances for the ultraviolet-sensitive systems compared
with the visual system of predators (KS test: D = 027,
P = 009). However, this result vanished when we considered colours adapted to the sensory system of mates only
(i.e. with standardized distances above 03; n = 41;
D = 024, P = 017). Unlike a previous study (H
astad, Vic€
torsson & Odeen
2005), our results show that, on average,
epigamic colour signals in ultraviolet-sensitive species have
not evolved to exploit a private channel of visual communication. The strong similarity between ultraviolet- and
violet-sensitive visual systems could explain this result
given that the stimulation landscapes of these two systems
have very similar global (red colour) and local (blue colour) peaks (Fig. 3a). Thus, any increase towards more
conspicuousness to mates in songbirds would increase also
the conspicuousness to predators. The strong overlap in
the perception of colours between intended and unintended perceivers may thus be an important constraint to
the possibility that the trade-oﬀ between sexual and
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Fig. 2. Density distribution of simulated and measured estimates of colour conspicuousness of bird plumage. Panel (a) shows the density
distribution of simulated (n = 105) colour distances between signals and the centre of the bird colour space calculated with an ultraviolet(black line) and a violet-sensitive visual system (grey line). Panel (b) and (c) show the density distribution of measured standardized distances for non-epigamic traits (n = 479) and epigamic traits (n = 89), respectively. Panel (d) illustrates the diﬀerence between density distributions given in (b) and (c). Positive bars indicate colour distances that are relatively more frequent in epigamic traits than in
non-epigamic traits.

natural selection is mediated by private communication
channels in songbirds.
In a synthetic landscape that describes the diﬀerence in
colour conspicuousness perceived by ultraviolet- and violetsensitive systems, the peak (yellow colour without ultraviolet reﬂection) is located in the lower right quadrant
(Fig. 3b). Strikingly, the green, ultraviolet-green, yellow
and ultraviolet-yellow colours that are in that quadrant are
only exhibited by species having ultraviolet-sensitive vision.
Those colours are therefore likely responsible for the
following phenomenon: among the colours that are more
conspicuous for ultraviolet-sensitive species than for violetsensitive species, there are signiﬁcantly more epigamic traits
(280%) in ultraviolet-sensitive species than in violet-sensitive species (10%; GEE with the type of visual system and
‘epigamic/non-epigamic’ as dependent and independent
variables, respectively, and a binomial family with logit link
function: eﬀect = 06, F = 728, P = 0016). This result suggests that colours rich in middle wavelengths could contribute to private communication in some songbirds and other
bird species with ultraviolet-sensitive vision, although this
suggestion awaits conﬁrmation in future studies because
62% of the colours that were more conspicuous for ultraviolet-sensitive species were non-epigamic traits.
The ﬁnding that yellow without ultraviolet reﬂection but
not ultraviolet colours maximize the diﬀerence of conspic-

uousness to songbirds and to birds of prey contradicts the
classical thought that a private communication channel in
songbirds would most likely involve ultraviolet reﬂecting
signals (Guilford & Harvey 1998; H
astad, Victorsson &
€
Odeen
2005). We suggest a functional explanation for this
result that involves two separate mechanisms. First, colours are in general highly conspicuous to tetrachromatic
species if they strongly stimulate two receptors and minimize the stimulation of the other two receptors (Gomez &
Thery 2007). In the blue peak, for example, only the two
photoreceptors for short wavelengths are strongly stimulated. This explains why adding an ultraviolet peak to yellow decreases conspicuousness to the avian eye (Gomez &
Thery 2007). Second, the second and third photoreceptors
have a greater overlap in violet- compared with ultraviolet-sensitive vision. Owing to this diﬀerential overlap, yellow colours stimulate more strongly the third and fourth
photoreceptors relative to the other two receptors in the
ultraviolet- than in the violet-sensitive visual system. Thus,
our results suggest that if some songbird species have
evolved a communication channel that simultaneously
maximizes colour conspicuousness to conspeciﬁcs while
minimizing conspicuousness to predators, colour signals
with high reﬂectance of the middle-range wavelengths are
more likely to be produced than signals with high-ultraviolet reﬂectance.
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(a)

(b)

Fig. 3. Distribution of epigamic colour signals of birds in the ﬁrst two dimensions of the stimulation landscapes. The ﬁrst two dimensions
together explain 868% of the variation in colour spectra. Values along PC1 and PC2 are interpreted using the relations between wavelengths and wavelength coordinates in the PCA provided in Fig. S4 (Supporting information). Brieﬂy, positive and negative PC1 values
are associated with long (red) and short (blue) wavelengths, respectively, and positive and negative PC2 values are associated with long or
short and middle (yellow and green) wavelengths, respectively. Epigamic signals of ultraviolet- and violet-sensitive species are indicated by
black-and-white ﬁlled circles, respectively. In panel (a), black-and-white triangles show the location of the optima (large triangles: global;
small triangles: local) calculated by optimizing PCA components in ultraviolet- and violet-sensitive visual systems, respectively. The coloration of the landscape indicates the conspicuousness at each locus within the ﬁrst two dimensions of the stimulation landscape of an ultraviolet-sensitive system. In panel (b), the white triangle locates the global peak of the synthetic landscape calculated from the diﬀerence
between standardized ultraviolet- and violet-sensitive conspicuousness. The coloration of the landscape indicates diﬀerential standardized
conspicuousness, with positive values corresponding to colours that stimulate the ultraviolet-sensitive system more than the violet-sensitive
system. The slight discrepancy between the locations of triangles and the shadowing for both panels is explained by the need to keep two
dimensions of the spectral space constant for illustrative purpose (set to mean PC scores). White insets provide the reﬂectance spectra of
the colours corresponding to the peaks (of ultraviolet-sensitive landscape only in panel (a); abscissa: wavelengths in nm; ordinate:
reﬂectance).

GENERAL DISCUSSION

We presented a new model, the stimulation landscape,
designed to perform quantitative studies of visual communication occurring at the level of communities. The model
merges a spectral space that describes visual stimuli and a
colour space where the information about conspicuousness
of a coloured signal is summarized into a single dimension.
In the following, we discuss the assumptions underlying
model construction and their implications for studies in
ecology and evolution.
MODEL ASSUMPTIONS

The stimulation landscape requires modelling a colour
space to estimate the conspicuousness of a signal. In the
example on bird coloration, we used the Goldsmith’s
(1990) model of colour vision that incorporates reﬂectance
spectra and the photoreceptor capture functions only. Several eye parameters not accounted by this model are
known to inﬂuence colour vision in birds and to vary
between species (e.g. the relative density of photoreceptor
types; Kelber, Vorobyev & Osorio 2003; Endler & Mielke
2005). In addition, other visual properties not modelled
here like achromatic vision, temporal and spatial visual
resolution and conﬁguration of the visual ﬁeld also impact
the perception of coloured signals. Last, the Goldsmith’s

model does not consider the chromatic adaptation of photoreceptors to the irradiance spectrum even though birds
sometimes display under illuminants carefully selected
(Endler & Thery 1996). The results presented here should
be interpreted with these limitations in mind.
Although we used the Goldsmith’s model with photoreceptor capture functions, which account for both photoreceptor sensitivities and the transmission of oil droplets,
the Goldsmith’s model can be used knowing photoreceptor
sensitivities only (Kelber, Vorobyev & Osorio 2003). This
has one obvious beneﬁt: given the growing knowledge of
photoreceptor sensitivities and of phylogenetic relationships allowing inferences of sensitivities in non studied species (Osorio & Vorobyev 2008), the Goldsmith’s model
and thus the model of stimulation landscape could both be
applied to a large number of species. In addition, Stoddard
& Prum (2008) compared the Goldsmith’s (1990) model
for birds with its extended version that additionally incorporates an ambient light spectrum, a mechanism of colour
constancy induced by the background coloration and a
log-transformation of the photoreceptor colour channels
(Endler & Mielke 2005). These authors concluded that
none of the additional parameters was necessary; arguing
that selecting an appropriate model of colour space for
comparative analyses requires a trade-oﬀ between pragmatic beneﬁts, computational complexity and generality.
Even though the model of stimulation landscape is a
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ﬂexible framework that could incorporate any model of
colour vision in the future, we suggest that models of photoreceptor excitation space are valuable tools to estimate
signal conspicuousness in most comparative analyses.
In some situations, for example when one is interested
to know which colours are equally conspicuous to two
visual systems (Fig. 1 step 3), it is appropriate to use a colour space with a known detection threshold. The detection
threshold is then standardized like any other distance in
the colour space. A limitation of the stimulation landscape
is that the detection threshold cannot vary across the colour space. Yet, it is a current and conservative practice in
studies in ecology to deﬁne a constant threshold value,
which corresponds to the lowest threshold identiﬁed across
the colour space (e.g. see Dyer et al. 2012).
A current issue may be that although stimulation landscapes can be compared among perceivers of a given communication system, they cannot be compared across
independent analyses because PCA values vary according
to the set of colours used to create spectral spaces. Obviously, one could always use the same standard data base
of natural reﬂectance spectra to create standard spectral
spaces. However, among the diﬀerent data bases available
online (listed in Kohonen, Parkkinen & Jaaskelainen
2006), none currently includes a high number of spectra
measured in the range of 300–700 nm. In addition, variation of the spectral space built from a standard data base
does not necessarily correspond to biologically meaningful
variation for a given visual task. For example, pollinators
have a tendency to visit a single plant species during one
foraging bout (Waser 1986). Pollinators visiting a population of a blue ﬂowering species would thus standardize
conspicuousness within the blue variation only, which
means that including red or yellow spectra within the reference set of spectra could be mostly irrelevant. Consequently, we suggest that constructing a stimulation
landscape from a data set of spectra measured in each biological system is currently the best approach even though
it prevents cross-study comparisons. The experimenter
should deﬁne a priori which kinds of stimuli are relevant
or not in a given visual task.
Crucially, the emitted signals simulated in the spectral
space have to be biologically realistic to be used for standardization. This is ensured by simulating smoothly
shaped spectra. Simulated spectra are smoothed because
they are generated from a low number of parameters that
are further bounded by real extreme values. A comparison
of the distribution in the bird colour space of the 568 measured spectra with that of 568 spectra simulated from the
spectral space illuminates important properties of these
simulated spectra (Fig. 4). The cloud of simulated colours
occupies a substantially larger volume in the colour space
compared with the cloud of measured colours. This diﬀerence is mainly due to a higher diversity of hues in simulated colours, while the average chroma (i.e. saturation of
colours) is moderately increased in simulated compared
with measured colours. The lack of highly saturated col-
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Fig. 4. Comparison of the perception of observed and simulated
colour stimuli. The 568 spectra measured in birds (panel a) and
568 spectra simulated randomly in the spectral space (panel b)
were projected into a tetrahedral colour space representing the colour perception of birds with an ultraviolet-sensitive system. Upper
ﬁgures represent the volume occupied by the perceived colours
within the colour space. For details on modelling the colour space
and calculating volume, hue disparity and average chroma, see
Stoddard & Prum (2008). The lower ﬁgures depict the Mollweide
projection of colours from the tetrahedron to its encapsulating
sphere, which allows visualizing the diversity of hues independently of chroma. u, s, m and l indicate to the ultraviolet-, short-,
medium- and long-wavelength sensitive photoreceptors, respectively. Indices were calculated and ﬁgures were drawn using the R
package pavo (Maia, Eliason & Bitton 2012).

ours in simulated spectra is important because these would
indicate spectra with sharp peaks of reﬂectance. Indeed,
with the exception of pure ultraviolet and pure red colours,
natural colours are typically not highly saturated (Stoddard & Prum 2011). This explains why randomly sampling
throughout the colour space to draw a reference set of
spectra is not a suitable alternative to the method proposed here. In contrast, increasing the diversity of hues is
necessary to generate reﬂectance spectra not included in
the original data set but that are nevertheless biologically
realistic. For example, although in living birds there is, to
our knowledge, no known spectrum consisting of a ﬁrst
reﬂectance peak located around 350 nm and a second peak
located around 510 nm, a colour corresponding to such a
spectrum could be theoretically produced by adding a few
turacoverdin pigments (peaking around 510 nm in Tauraco
corythaix; Dyck 1992); over arrays of dermal collagen
ﬁbrils in bare skins (which maximally reﬂect around
350 nm in Tragopan temminckii; Prum & Torres 2003; but
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see Shawkey, Morehouse & Vukusic 2009; for non-additive
interactions between colour-producing materials). This
combination of spectral characteristics may be absent in
the original data set because it is not achievable by natural
systems (e.g. due to physiological, genetic or phylogenetic
constraints) or because of evolutionary contingency (Stoddard & Prum 2011). However, it may also be absent
because of incomplete sampling of signal variation in the
communication system. Owing to this possibility, we think
that these composite spectra should be included in the
reference distribution of conspicuousness.
FURTHER APPLICATIONS IN ECOLOGY AND
EVOLUTION

We demonstrated how a quantitative comparison of the
perceptual abilities of multiple perceivers allows testing the
private communication hypothesis in a system with two
antagonistic perceivers. The stimulation landscape can also
be applied to study visual signalling with an entire community of perceivers. Understanding the mechanisms structuring the large networks of interactions between community
members has become a challenge in ecology. Although communication has been assumed to be a major determinant of
the structure of ecological interactions (e.g. Olesen et al.
2007), support for this conjecture is still lacking. By comparing the phenotype matching between signallers and perceivers across species, the stimulation landscape will allow
quantifying the relative contributions of communication
and other factors like neutral processes or the phylogenetic
relatedness in the structure of interaction networks.
The model further oﬀers a tool to quantitatively study
the evolution of visual signals. As mentioned previously,
numerous studies demonstrated a link between the ﬁtness
of the signaller and its conspicuousness, but there appears
to be substantial variation in this relationship. The variation may be due to a number of parameters, including
physiological (e.g. variation in the relationship between
photoreceptor excitation and perceptual diﬀerences), psychological (e.g. variation in a threshold of conspicuousness
above which diﬀerent signals elicit similar responses) and
ecological factors (variation between communication systems like between mimicry and aposematism and varying
distance between signal and perceiver). The model of the
stimulation landscape can be built from variously transformed distributions of conspicuousness, which allows
modelling each of these parameters and evaluating their
importance by comparing conspicuousness with empirical
estimates of individual ﬁtness. Interestingly, developing a
stimulation landscape in this direction will approximate it
to an adaptive landscape for phenotypic traits, in which
the conspicuousness axis is replaced by an indicator of
individual ﬁtness (Simpson 1944). Contrary to most adaptive landscapes, however, the shape of the stimulation
landscape is not estimated statistically using a regression
model (Arnold, Pfrender & Jones 2001). Rather, it can be
exactly calculated using a psychophysical model of colour

vision. This feature uniquely enables to determine the location of multiple, global and local optima and therefore to
analyse both the gradual evolution of signals towards
peaks and more important evolutionary transitions like
peak shifts.
Last, the stimulation landscape could be extended to
other senses. A necessary requirement is to obtain a lowdimensional space that describes stimuli based on their
physicochemical characteristics. This requirement is met in
acoustic and olfactory communication as PCA and nonlinear methods of dimensionality reduction are applicable
(e.g. Ryan & Rand 2003; Guerrieri et al. 2005). A second
requirement is the necessity to predict the perceptual distance between two stimuli. Currently, there is no model of
perceptual space based on the peripheral sensory systems
in both acoustic and olfactory perception that has the predictive power of models used in colour vision. However,
multivariate perceptual spaces were accurate in predicting
the perception of call attractiveness in female frogs (Ryan
& Rand 2003) as well as the perceived similarity among 16
odours in honeybees (Guerrieri et al. 2005). We thus
expect the stimulation landscape to be soon applicable in a
variety of communication systems.

Conclusions
In this article, we proposed a new framework to quantify
and compare signal conspicuousness to multiple species.
Our framework is widely applicable given that most communication systems involve perception by multiple species.
Throughout this article, we assumed an equal contribution
of each perceiver to the ﬁtness of the signaller. In the real
world, however, the ﬁtness payoﬀs of being conspicuous to
a mate versus a predator, for example, may not be the
same. Research on the relative ﬁtness payoﬀs of multiple
perceivers is still in its infancy. Crucially, the model of
stimulation landscape allows integrating relative ﬁtness
payoﬀs, for example, by attributing weights to individual
stimulation landscapes before combining them into a synthetic landscape. We thus hope that the stimulation landscape as a general framework on communication will
contribute to bridge the current gap between evolution
and ecology in that ﬁeld.

Acknowledgements
We are grateful to Pierre-Oliver Cheptou, Graeme Ruxton, Doris Gomez,
Daniel Hanley and two anonymous referees for thoughtful comments on
an earlier version of the manuscript. We also thank Matthias Nawrat who
collected data on bird coloration and compiled studies on sexual selection
in birds. This study was founded by the Volkswagen Foundation.

References
Aidala, Z., Huynen, L., Brennan, P.L.R., Musser, J., Fidler, A., Chong, N.,
Machovsky Capuska, G.E., Anderson, M.G., Talaba, A., Lambert, D.
& Hauber, M.E. (2012) Ultraviolet visual sensitivity in three avian lineages: paleognaths, parrots, and passerines. Journal of Comparative
Physiology A, 198, 495–510.

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 718–729

728 J. P. Renoult et al.
Ardia, D. & Mullen, K.M. (2010) The ‘DEoptim’ package: Diﬀerential evolution optimization in ‘R’. version 2.0-6.
Arnold, S.J., Pfrender, M.E. & Jones, A.G. (2001) The adaptive landscape
as a conceptual bridge between micro- and macroevolution. Genetica,
112, 9–32.
Bascompte, J. & Jordano, P. (2007) Plant-animal mutualistic networks: the
architecture of biodiversity. Annual Review of Ecology Evolution and Systematics, 38, 567–593.
Bennett, A.T.D. & Thery, M. (2007) Avian color vision and coloration:
multidisciplinary evolutionary biology. American Naturalist, 169,
S1–S6.
Chittka, L. & Brockmann, A. (2005) Perception space - the ﬁnal frontier.
PloS Biology, 3, e137.
CIE Pub (1986) Technical Report 15.2-1986: Colorimetry, 2nd edn. CIE
Central Bureau, Vienna.
Cuthill, I.C., Bennett, A.T.D., Partridge, J.C. & Maier, E.J. (1999) Plumage
reﬂectance and the objective assessment of avian sexual dichromatism.
American Naturalist, 153, 183–200.
Dyck, J. (1992) Reﬂectance spectra of plumage areas colored by green
feather pigments. Auk, 109, 293–301.
Dyer, A.G. & Chittka, L. (2004) Fine colour discrimination requires
diﬀerential conditioning in bumblebees. Naturwissenschaften, 91, 224–
227.
Dyer, A.G., Boyd-Gerny, S., McLoughlin, S., Rosa, M.G.P., Simonov, V.
& Wong, B.B.M. (2012) Parallel evolution of angiosperm colour signals:
common evolutionary pressures linked to hymenopteran vision. Proceedings of the Royal Society B: Biological Sciences, 279, 3606–3615.
Endler, J.A. (1980) Natural selection on color patterns in Poecilia reticulata. Evolution, 34, 76–91.
Endler, J.A. & Mielke, P.W. (2005) Comparing entire colour patterns as
birds see them. Biological Journal of the Linnean Society, 86, 405–
431.
Endler, J.A. & Thery, M. (1996) Interacting eﬀects of lek placement, display behavior, ambient light, and color patterns in three neotropical forest-dwelling birds. American Naturalist, 148, 421–452.
Endler, J.A., Westcott, D.A., Madden, J.R. & Robson, T. (2005) Animal
visual systems and the evolution of color patterns: sensory processing
illuminates signal evolution. Evolution, 59, 1795–1818.
Goldsmith, T.H. (1990) Optimization, constraint, and history in the evolution of eyes. Quarterly Review in Biology, 65, 281–322.
Gomez, D. & Thery, M. (2007) Simultaneous crypsis and conspicuousness
in color patterns: comparative analysis of a neotropical rainforest bird
community. American Naturalist, 169, S42–S61.
G€
oth, A. & Evans, C.S. (2004) Social responses without early experience:
Australian brush-turkey chicks use speciﬁc visual cues to aggregate with
conspeciﬁcs. Journal of Experimental Biology, 207, 2199–2208.
Guerrieri, F., Schubert, M., Sandoz, J.C. & Giurfa, M. (2005) Perceptual
and neural olfactory similarity in honeybees. PloS Biology, 3, e60.
Guilford, T. & Harvey, P.H. (1998) The purple patch. Nature, 392, 867.
Hackett, S.J., Kimball, R.T., Reddy, S., Bowie, R.C.K., Braun, E.L.,
Braun, M.J., Chojnowski, J.L., Cox, W.A., Han, K.L., Harshman, J.,
Huddleston, C.J., Marks, B.D., Miglia, K.J., Moore, W.S., Sheldon,
F.H., Steadman, D.W., Witt, C.C. & Yuri, T. (2008) A phylogenomic
study of birds reveals their evolutionary history. Science, 320, 1763–
1768.
Hamilton, W.D. & Zuk, M. (1982) Heritable true ﬁtness and bright birds: a
role for parasites? Science, 218, 384–387.
Hart, N.S. & Vorobyev, M. (2005) Modelling oil droplet absorption spectra
and spectral sensitivities of bird cone photoreceptors. Journal of Comparative Physiology A, 191, 381–392.
€
H
astad, O., Victorsson, J. & Odeen,
A. (2005) Diﬀerences in color vision
make passerines less conspicuous in the eyes of their predators. Proceedings of the National Academy of Sciences of the USA, 102, 6391–6394.
Hill, G.E. (2006) Female mate choice for ornamental coloration. Bird Coloration, vol 2: Function and Evolution (eds G. E. Hill & K. McGraw), pp.
137–200. Harvard University Press, Cambridge.
Hill, G.E. & McGraw, K.J. (2006) Bird Coloration. Harvard University
Press, Cambridge, Massachusetts.
Jaaskelainen, T., Parkkinen, J. & Toyooka, S. (1990) Vector-subspace
model for color representation. Journal of the Optical Society of America
A-Optics Image Science and Vision, 7, 725–730.
Jacobs, G.H. (1992) Ultraviolet vision in vertebrates. American Zoologist,
43, 544–554.
Kelber, A., Vorobyev, M. & Osorio, D. (2003) Animal colour vision: behavioural tests and physiological concepts. Biological Reviews, 78, 81–118.

Kohonen, O., Parkkinen, J. & Jaaskelainen, T. (2006) Databases for spectral color science. Color Research and Application, 31, 381–390.
Koshitaka, H., Kinoshita, M., Vorobyev, M. & Arikawa, K. (2008) Tetrachromacy in a butterﬂy that has eight varieties of spectral receptors.
Proceedings of the Royal Society B: Biological Sciences, 275, 947.
Lomascolo, S.B., Levey, D.J., Kimball, R.T., Bolker, B.M. & Alborn, H.T.
(2010) Dispersers shape fruit diversity in Ficus (Moraceae). Proceedings
of the National Academy of Sciences of the USA, 107, 14668–14672.
Maia, R., Eliason, C. & Bitton, P.P. (2012) Pavo: perceptual analysis, visualization and organization of color data. R package version 0.1-1.
Maloney, L.T. (1986) Evaluation of linear-models of surface spectral reﬂectance with small numbers of parameters. Journal of the Optical Society
of America A-Optics Image Science and Vision, 3, 1673–1683.
Maynard Smith, J. & Harper, D. (2003) Animal Signals. Oxford University
Press, Oxford.
McGregor, P. (2005) Animal Communication Networks. Cambridge University Press, Cambridge.
€
Odeen,
A., H
astad, O. & Alstr€
om, P. (2011) Evolution of ultraviolet vision
in the largest avian radiation-the passerines. BMC Evolutionary Biology,
11, e313.
Olesen, J.M., Bascompte, J., Dupont, Y.L. & Jordano, P. (2007) The modularity of pollination networks. Proceedings of the National Academy of
Sciences of the USA, 104, 19891–19896.
Osorio, D. & Vorobyev, M. (2008) A review of the evolution of animal colour vision and visual communication signals. Vision Research, 48, 2042–
2051.
Paradis, E., Claude, J. & Strimmer, K. (2004) Analyses of phylogenetics
and evolution in R language. Bioinformatics, 20, 289–290.
Prum, R.O. & Torres, R. (2003) Structural colouration of avian skin: convergent evolution of coherently scattering dermal collagen arrays. Journal of Experimental Biology, 206, 2409–2429.
R Development Core Team (2011) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria.
Renoult, J.P., Courtiol, A. & Kjellberg, F. (2009) When assumptions on
visual system evolution matter: nestling colouration and parental visual
performance in birds Journal of Evolutionary Biology, 23, 220–226.
Ryan, M.J. & Rand, A.S. (2003) Sexual selection in female perceptual
space: how female tύngara frogs perceive and respond to complex population variation in acoustic mating signals. Evolution, 57, 2608–2618.
Schaefer, H.M., Schaefer, V. & Vorobyev, M. (2007) Are fruit colors
adapted to consumer vision and birds equally eﬃcient in detecting colorful signals? American Naturalist, 169, S159–S169.
Searcy, W.A. & Nowicki, S. (2005) The Evolution of Animal Communication. Princeton University Press, Princeton.
Shawkey, M.D., Morehouse, N.E. & Vukusic, P. (2009) A Protean palette:
color materials and mixing in birds and butterﬂies. Journal of the Royal
Society Interface, 6, S221–S231.
Simpson, G.G. (1944) Tempo and Mode in Evolution. Columbia University
Press, New-York.
Stevens, M. & Cuthill, I.C. (2007) Hidden messages: are ultraviolet signals
a special channel in avian communication? BioScience, 57, 501–507.
Stoddard, M.C. & Prum, R.O. (2008) Evolution of avian plumage color in
a tetrahedral color space: a phylogenetic analysis of new world buntings.
American Naturalist, 171, 755–776.
Stoddard, M.C. & Prum, R.O. (2011) How colorful are birds? Evolution of
the avian plumage color gamut. Behavioral Ecology, 22, 1042–1052.
Tzeng, D.Y. & Berns, R.S. (2005) A review of principal component analysis
and its applications to color technology. Color Research & Application,
30, 84–98.
Vorobyev, M. & Osorio, D. (1998) Receptor noise as a determinant of colour thresholds. Proceedings of the Royal Society B: Biological Sciences,
265, 351–358.
Waser, N.M. (1986) Flower constancy: deﬁnition, cause, and measurement.
American Naturalist, 127, 593–603.
Received 3 August 2012; accepted 11 February 2013
Handling Editor: Kevin McGraw

Supporting Information
Additional Supporting Information may be found in the online
version of this article:

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 718–729

Colour signalling to multiple species 729
Data S1. Methods for the phylogenetically informed comparative
analyses.
Fig. S1. Simulation of reﬂectance spectra with varying degrees of
autocorrelation
Fig. S2. Reconstruction of reﬂectance spectra with varying number of principal components.

Fig. S3. The ecologically relevant dimensionality of the space of
bird reﬂectance spectra
Fig. S4. Relation between wavelengths and wavelength coordinates for the ﬁrst two components of the PCA.
Table S1. Bird species included in the study.

© 2013 The Authors. Functional Ecology © 2013 British Ecological Society, Functional Ecology, 27, 718–729

