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Introduction

Pollination and seed dispersal mutualisms form complex interac-
tion networks potentially involving dozens of species (Waser
etal., 1996; Bascompte & Jordano, 2007). In such mutualistic
networks, communicative traits such as colour and odour signals
in flowers and fruits generally are subject to multiple selective
pressures (Schaefer & Ruxton, 2011). Two main factors are then
expected to shape the evolution of plant signals: the convergence
(versus conflict) of selective pressures, which is mainly deter-
mined by the degree of similarity in the sensory perception of
multiple perceivers (Campell & Aldridge, 2006; Lomascolo &
Schaefer, 2010; Lomascolo et al., 2010); and the extent to which
intrinsic mechanisms, such as the physicochemical nature of
traits, pleiotropy and genetic correlations, and selection by other
players constrain evolvability (Hansen, 2003). These two factors
have rarely been considered together; thus it is still an open ques-
tion whether and how plant signals are adapted to communicate

to multiple, distinct mutualists.

Different properties of plant signals can be selected by pollina-
tors and seed dispersers. Colour signals, for example, can be
selected for the biochemical (e.g. antioxidants; Schaefer eral.,
2008) or visual properties of pigments (Schmidt ezal, 2004).
Conspicuousness is an important visual property of flower and

678  New Phytologist (2014) 201: 678-686
www.newphytologist.com

Summary

e Communication in plant-animal mutualisms frequently involves multiple perceivers. A
fundamental uncertainty is whether and how species adapt to communicate with groups of
mutualists having distinct sensory abilities.

e We quantified the colour conspicuousness of flowers and fruits originating from one Euro-
pean and two South American plant communities, using visual models of pollinators (bee and
fly) and seed dispersers (bird, primate and marten).

e We show that flowers are more conspicuous than fruits to pollinators, and the reverse to
seed dispersers. In addition, flowers are more conspicuous to pollinators than to seed dispers-
ers and the reverse for fruits. Thus, despite marked differences in the visual systems of mutual-
ists, flower and fruit colours have evolved to attract multiple, distinct mutualists but not
unintended perceivers. We show that this adaptation is facilitated by a limited correlation
between flower and fruit colours, and by the fact that colour signals as coded at the photore-
ceptor level are more similar within than between functional groups (pollinators and seed
dispersers).

e Overall, these results provide the first quantitative demonstration that flower and fruit col-
ours are adaptations allowing plants to communicate simultaneously with distinct groups of
mutualists.

fruit colours, as it can be an adaptation improving plant dispersal.
For instance, the intensity of the colour contrast between the
background and artificial flowers and fruits (our definition of
conspicuousness hereafter) is negatively correlated with search
time in bumblebees (Spaethe ezal, 2001) and positively corre-
lated with visitation rate in seed-dispersing birds (Cazetta eral.,
2009). Yet, because these results stem from experiments on either
a single species or a single type of perceiver, a major unknown in
plant—animal communication is whether flower and fruit colours
can be simultaneously conspicuous to several mutualists.
Theoretically, several factors should limit simultaneous adapta-
tion of flower and fruit colours to the visual system of several
mutualist agents. First, pollen and seeds are most frequently dis-
persed by animals with distinct and marked differences in their
visual system. For example, some pollinating flies are probably
tetrachromatic (i.e. use four types of photoreceptor for colour
vision; for details, see Supporting Information Methods S1),
whereas bees are trichromatic (Briscoe & Chittka, 2001). Simi-
larly, seed-dispersing birds are tetrachromatic, whereas primates
are either dichromatic or trichromatic and other seed-dispersing
mammals such as foxes and martens are dichromatic (Osorio &
Vorobyev, 2005). If differences in the number of photoreceptor
types translate into perceptual differences, colour signals would
have to simultaneously adapt to distinct visual systems. Secondly,
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increasing conspicuousness to several mutualists simultaneously
increases conspicuousness to nectar/pollen robbers and pulp/seed
predators, that is, to antagonists already known to perceive and
select colour signals. Indeed, physicochemical mechanisms
underlying colour stimuli cause them to be characterized by con-
tinuous, smoothly shaped reflectance spectra (Jaaskelainen ez al.,
1990). In contrast to other stimuli such as odours, colour stimuli
cannot exhibit peaks of stimulation that are sharply tuned to
specific receptor sensitivities. Rather, flower and fruit colours
have necessarily broad reflectance spectra, possibly also in order
to simultaneously stimulate different visual systems. However,
given that visual systems processing colour stimuli invariably con-
sist of a limited number of different types of photoreceptor with
broad and overlapping sensitivities (van Hateren, 1993), broad-
band reflectance spectra stimulating the visual system of intended
perceivers would also stimulate that of unintended perceivers.
Lastly, the pleiotropic nature of genes coding for colour traits
and correlations between genes involved in flower and fruit col-
ouration could further limit separate adaptation to pollinators
and seed dispersers if these have differing colour perception
(Strauss & Whittall, 2006).

We here assess whether adaptations to distinct mutualists
occur in flower and fruit colouration. Using psychophysical mod-
els of colour vision, we estimated the conspicuousness of flower
and fruit colours to pollinators (bee and fly) and to seed dispers-
ers (bird, primate and marten). Adaptation is expected to occur if
flowers are more conspicuous to pollinators than fruits are, and
likewise for fruits and seed dispersers relative to flowers. This
condition may be facilitated or hampered depending on pleiotro-
pic factors and genetic correlations between flower and fruit col-
ouration. We thus analysed the influence of correlation between
flower and fruit colouration on conspicuousness at different
time-scales. In addition, selection by mutualists for increased
conspicuousness should generate differential conspicuousness to
mutualists and to nonmutualists as a signature of adaptation,
provided that these two groups have different perception of
colours. We thus tested whether conspicuousness is higher to
mutualists than to nonmutualists, and we investigated the degree
of perceptual similarities among mutualists and between mutual-
ists and nonmutualists. More precisely, we used a modelling
approach to evaluate how differences in the number and sensitiv-
ity of photoreceptor types translate into photoreceptor signals.
The finding that flowers are both more conspicuous to pollina-
tors than fruits are and more conspicuous to pollinators than to
seed dispersers (and vice versa for fruits) would represent the first
quantitative demonstration that flower and fruit colours are in
general adapted to the eyes of distinct types of perceiver within
diversified mutualisms.

Materials and Methods

Studied plants and animals

The data on flower and fruit colouration come from one
European and two South American plant communities. The col-
ouration of both flowers and fleshy fruits of 102 European species
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belonging to 28 plant families was measured between 2007 and
2012. Most of these species were collected in Mediterranean
scrublands in southern Spain (see Valido ezal, 2011) and a few
additional species were collected in the botanical garden of the
University of Freiburg, Germany. For the few flowers that
appeared multicoloured to human eyes, we considered the domi-
nant colour only. In southern Spain, bees and flies are the two
main groups of pollinator (Herrera, 1988), whereas birds and
mammals such as foxes and martens are the main seed dispersers
for fleshy-fruited plants (Herrera, 1995). Furthermore, Barbary
macaques (Macaca sylvanus) were relatively common in Spain
until the last glaciation (< 0.1 Ma; Valverde, 1967). Based on the
diet of extant individuals from Morocco (El Alami & Chait,
2012), we further treated the Barbary macaque as a likely seed
disperser of the Spanish plant community in the past.

In South America the colouration of fruits from 111 species
(45 families) was measured in 2006 in Ilha do Cardoso, southern
Brazil. In this subtropical island, birds are the main seed dispers-
ers, and primates contribute to the seed dispersal of some of the
studied plants (Cazetta et al., 2012). In 2009 we measured floral
colouration in 67 species (23 families) in the coastal community
of Los Molles, northern Chile, where bees and flies are the main
pollinators and only one hummingbird species occurs (R. Medel
et al., unpublished data). For 10 species, flowers exhibited more
than one colour in approximately equal proportion. We mea-
sured these colours separately. Colour data were not available for
flowers in Ilha do Cardoso and for fruits in Los Molles.

Colour measurements

We measured the reflectance spectra of flowers, mature fleshy
fruits and leaves gently detached from the plants using an Ocean
Optic USB2000 (Ocean Optic, Dunedin, FL, USA) or an
Avaspec 2048 (Avantes, Apeldoorn, the Netherlands) spectrome-
ter following the procedure described in Schaefer ezal. (2007).
For each plant structure of each species, we averaged replicated
measurements from five to 20 items collected from different indi-
viduals. We defined leaf colouration as the background against
which flowers and fruits are perceived by mutualists. Within a
given community, we then used the same, averaged leaf colour-
ation for all species because fruit colours are not adapted to be
conspicuous against their own, species-specific foliage (Schaefer
eral., 2007), and because the variation among leaf colours is very
limited compared with the variation among fruit or flower col-
ours when viewed by pollen and seed dispersers (Chittka, 1997;
Regan ez al., 2001).

Modelling conspicuousness

Colour conspicuousness was calculated as the distance between
the signalling stimulus (lower or fruit) and the background (leaf)
locations in a colour space, which is a graphical representation of
how colour stimuli appear to the eye of a given perceiver. We
estimated the conspicuousness of Spanish flowers and fruits in six
different colour spaces describing the visual systems of honeybees,
hoverflies, macaques, martens and birds (two types of visual
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system; for details, see Methods S1). The conspicuousness of Bra-
zilian fruits was measured within the colour space of birds (two
types) and New World primates. Because most New World pri-
mates exhibit polymorphism at an X-chromosome opsin gene,
six visual systems (either dichromatic or trichromatic) can theo-
retically be found within the same population (Jacobs, 2008). In
addition, photoreceptor sensitivities differ between Callitrichidae
(e.g. marmosets and tamarins) and Cebidae (Cebus and squirrel
monkeys) families, leading to 12 possible visual systems in poly-
morphic New World primates (Jacobs, 2008). We included nine
of these 12 systems in our analyses because three of them were
almost redundant (Methods S1). The conspicuousness of Chilean
flowers was modelled to the eyes of bees and hoverflies using the
same data as for the Spanish flowers. Overall, we investigated the
colour conspicuousness to five groups of perceivers (bees, flies,
martens, primates and birds) characterized by 15 distinct visual
systems.

We used two approaches to model colour spaces and to calcu-
late conspicuousness. First, we applied the classical receptor noise
limited (RNL) model of colour vision (Vorobyev & Osorio,
1998; Methods S1). The RNL model was originally developed to
evaluate small perceptual differences in the colour space, that is,
differences close to the detection threshold, but the model has
also been successfully applied to estimate larger differences (e.g.
in honeybees: Hempel ez al., 2001; in birds: Stobbe & Schaefer,
2008; Cazetta eral., 2009). In the RNL model, one unit of per-
ceptual distance corresponds to one just noticeable difference
(JND). Previously, we argued that colour conspicuousness as
measured by traditional psychophysical models of colour vision,
such as the RNL model, cannot be compared directly among spe-
cies (for details, see Renoult etal, 2013). Thus, in a second
approach we used the method of the stimulation landscape
(Stimuland) that standardizes values of conspicuousness (Renoult
etal., 2013). A stimulation landscape consists of a spectral space
(the same for the 15 landscapes, i.e. one for each visual system),
which is a six-dimensional space describing variation in reflec-
tance spectra, plus one dimension (unique to each landscape)
indicating the conspicuousness value for each spectrum (see
Methods S1). The colour space used in the stimulation landscape
was a chromaticity diagram extracted from the photoreceptor
contrast space, which is the multidimensional space describing
for each photoreceptor type the ratio between the quantum catch
associated with the signalling stimulus and that associated with
background stimulus (Kelber ez 4/, 2003). Here, conspicuousness
is evaluated as the Euclidean distance between the stimulus and
the centre of the diagram. We then randomly resampled 10
times each of the six variables of the spectral space to generate ref-
erence sets of reflectance spectra and conspicuousness values.
Conspicuousness was eventually standardized (within the interval
[0;1]) using the cumulative distribution of reference conspicuous-
ness values (Methods S1).

Statistical analyses

We studied the adaptation of flower and fruit colours to the eyes
of their mutualistic agents using generalized linear mixed models
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implemented in the R package MCMCglmm (Hadfield, 2010; R
Development Core Team, 2011). The three communities were
analysed separately and in combination (pooling flowers from
Spain and Chile, and fruits from Spain and Brazil, respectively).
The response variable was the conspicuousness, expressed either
in JNDs (RNL model) or in standardized units (Stimuland), of
flower and fruit colours modelled according to the visual systems
of the perceivers present in a given community. For the com-
bined data set, we considered the visual systems of those animals
that occurred in all three communities: bees, flies, birds and
trichromatic primates. For the latter visual system, we analysed
conspicuousness to macaques because their photoreceptor sensi-
tivities are close to that of Cebidae from the New World (for
details, see Methods S1). Explanatory variables included the
number of photoreceptor types (di-, tri- or tetrachromatic), the
dispersal service provided by the perceiver (pollinator or seed dis-
perser) and, for the Spanish data set that included both flower
and fruit spectra, the reproductive structure (flower or fruit) and
interactions between plant structure and each of the other two
fixed factors. We added a random effect term to account for the
nonindependence between values of conspicuousness calculated
with a given visual system. For the Spanish data, we further com-
pared this model with two other models coding either plant spe-
cies or the full plant phylogeny (sece Methods S2) in a second
random effect nested within the perceiver group. By accounting
for the nonindependence of colouration among plant structures
within taxa, these two models allowed the investigation of the
influence of pleiotropy or genetic correlations in flower and fruit
colouration. We specified a gamma distribution of the response
variable with identity link function for all models. Models were
fitted with 3 x 10° iterations, discarding the first million and
sampling every 200 iterations. We used flat uninformative priors
with a uniform low degree of belief across all parameters. Models
were compared based on the deviance information criterion
(DIC; Hadfield, 2010).

In order to investigate how differences in the number and sen-
sitivity of photoreceptor types translate into differences in photo-
receptor signals, we assessed the differences in shape between the
15 standardized stimulation landscapes. This was achieved by cal-
culating a canonical distance matrix between visual systems from
the standardized conspicuousness corresponding to the 10° col-
our spectra randomly sampled in the spectral space. This distance
matrix was used to build a tree by hierarchical clustering with the
average method using R (R Development Core Team, 2011).
The tree describes the relationships between visual systems based
on their similarities in colour signals coded at the photoreceptor
level.

Results

Correlations between flower and fruit colours

In the Spanish community, the models discounting the correla-
tion between flower and fruit colouration within taxa had a
markedly poorer fit (DICgny =7705; DICimuland =—884) than

that of models accounting for such a correlation. Among the
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latter, the models coding plant species (DICgny=7626;
DICqimuland = —1098) was better than the model coding the full
plant phylogeny (DICgrni.=7629; DIC;imuland = —1086). Fruit
colouration and flower colouration within the same species are
thus not independent, although the shared ancestry with more
distant taxa (congeneric and confamilial species) does not affect
the strength of this correlation for the species set studied. Only
models coding for plant species are considered in the following
analyses of the Spanish data.

Comparison between flower and fruit conspicuousness

Using either RNL models or stimulation landscapes, colour con-
spicuousness was significantly influenced by the interaction
between disperser (pollinators or seed dispersers) and the repro-
ductive structure of the plant (flower or fruit) in both the com-
bined (e.g. Prne=1.01; £<0.001; Table 1a) and the Spanish
data sets (e.g. Prar.=1.28; P<0.001; Table Ib; no interaction
term in Brazilian and Chilean data sets). Specifically, flowers were
more conspicuous to pollinators than fruits were with specified
factor contrasts (e.g. combined data set: Bray, = 1.13; £<0.001;
Fig. la—d), and fruits were more conspicuous to seed dispersers
than flowers were (e.g. combined data set: Pryny=—0.52;
P<0.001).

Based on stimulation landscapes, in all analyses we further
found that flowers were more conspicuous to pollen dispersers
than to seed dispersers (e.g. with Chilean data: Bgimuland = —0.59;
P<0.001; Table 1d), and the reverse for fruits (e.g. with Brazil-
ian data: Bgimuland = 0.34; P=0.005; Table 1c). This result did
not hold for RNL models, except when birds were excluded
(results not shown). However, given that comparing large percep-
tual distances measured with RNL models across species leads to
unreliable results (Renoult ezal., 2013), we propose that flower
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and fruit colours are more salient to their respective mutualists
than they are to nonmutualists.

For a given plant structure there was no effect of the number
of photoreceptor types on conspicuousness in any visual model
or data set. This is attested by the lack of significance of the inter-
action term between photoreceptor number and plant structure
in the overall and Spanish data sets (Table 1a,b), and of the
simple effect term of photoreceptor number for the Chilean and
Brazilian data (Table 1c,d). Thus, adaptations of flower and fruit
colours appear independent of the number of photoreceptor
types used for colour vision.

Comparison between stimulation landscapes

Comparing the standardized conspicuousness of simulated colour
spectra revealed substantial variation in the shape of stimulation
landscapes among perceivers that provide a similar service of dis-
persion. This is shown by the terminal branches on the tree of
shape similarities, which are different from zero (Fig. 2). Shape
similarities were not explained by the number of photoreceptor
types used to process colour stimuli: for example, fly and bee
stimulation landscapes are clustered with maximal bootstrap sup-
port. Rather, the clustering of fly and bee landscapes on the one
hand, and of primates, birds and dichromatic mammals on the
other hand indicates that dispersal service or the phylogeny of
animals can determine similarities in stimulation landscapes.

Discussion

Most studies on colour signalling in plant dispersal mutualisms
have focused on interactions between plants and a specific polli-
nator and seed disperser (Chittka & Menzel, 1992; Lomascolo &
Schaefer, 2010; Lomascolo etal, 2010). These studies have

Table 1 Results of the generalized linear mixed-effect model with data from all flowers and fruits corresponding to 280 species (a), with Spanish flowers
and fruits of 102 species (b), with Brazilian fruits of 111 species (c) and with Chilean flowers of 67 species (d)

Fixed factors Post mean of B Lower 95% Upper 95% pMCMC
(a) Intercept 1.72/1.76 1.48/1.52 2.07/2.01 <0.001/<0.001
Plant structure —0.26/-0.51 —0.39/-0.64 —0.12/-0.37 <0.001/<0.001
No. photoreceptor types —0.15/0.09 —13.18/-0.38 11.26/0.53 ns/ns
Dispersal service 0.11/-1.03 -9.18/-1.39 9.30/-0.65 ns/<0.001
Structure x photoreceptor 0.19/-0.14 —0.02/-0.36 0.41/0.06 ns/ns
Structure x service 1.01/1.43 0.79/1.20 1.23/1.66 <0.001/<0.001
(b) Intercept 1.92/1.95 1.56/1.70 2.31/2.21 <0.001/<0.001
Plant structure —0.44/-0.66 —0.61/-0.82 —0.28/-0.51 <0.001/0.008
No. photoreceptor types —0.16/0.37 —17.20/-0.03 15.30/1.04 ns/ns
Dispersal service —0.08/-1.24 —6.69/—-1.68 6.67/—-0.86 ns/<0.001
Structure x photoreceptor -0.22/-0.32 —0.65/-0.68 0.20/0.04 ns/ns
Structure x service 1.28/1.67 0.99/1.41 1.56/1.94 <0.001/<0.001
(c) Intercept —1.92/0.97 —4.12/0.82 0.43/1.10 0.08/<0.001
No. photoreceptor types —0.48/0.23 —4.18/0.02 3.38/0.48 ns/ns
Dispersal service 0.88/0.34 —2.99/0.10 4.59/0.55 ns/0.005
(d) Intercept —1.84/1.12 —3.71/0.94 0.09/1.26 0.064/<0.001
No. photoreceptor types —0.63/0.17 —3.73/-0.02 2.34/0.38 ns/ns
Dispersal service 0.01/-0.59 —3.21/-0.85 3.02/-0.34 ns/<0.001

Each cell indicates results with the receptor noise limited (RNL) model (left) and with the stimulation landscape (right). The random part includes the visual
system (in all models) and species (with Spanish data). Results are provided with default factor contrasts. ns, not significant. PMCMC, Bayesian P-value.
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Fig.1 Comparison of colour conspicuousness of flowers and fruits to pollinators and seed dispersers. (a, b) All flowers and all fruits combined (280 species),
(¢, d) Spanish data (102 species), (e, f) Brazilian data (111 species) and (g, h) Chilean data (67 species). Bar height indicates mean conspicuousness along
with + SE either in just noticeable differences (AS, in JNDs units), that is, calculated with receptor noise limited (RNL) models (a, ¢, €, g), or in standardized
conspicuousness (Std. consp.) estimated using stimulation landscapes (b, d, f, h). Blue bars, flowers; red bars, fruits. A fully captioned version of panel (e) is

provided in Supporting Information Fig. S1(a).

helped to illuminate when and how one prevalent pollinator or
seed disperser, with its specific visual abilities, can drive plant
colour evolution, or can contribute to structure communities by
sorting species according to their colouration (e.g. in flowers see
Kevan, 1983; Gumbert ez al, 1999; Arnold ez al., 2009; Dyer
etal., 2012; in fruits see Willson & Thompson, 1982; Burns &
Dalen, 2002; Schmidt ez al., 2004; Schaefer ez al., 2007; Cazetta
etal., 2012). Yet, pollen and seeds are most frequently dispersed
by multiple mutualists having differing sensory systems. In this
study, we analysed whether and how flower and fruit colours
adapt to simultaneously communicate with these multiple,
distinct dispersers. We showed that flowers are more conspicuous
than fruits to pollinators, and the reverse to seed dispersers. In
addition, despite marked differences in the visual systems among
pollinating and among seed-dispersing species, flowers are more
conspicuous to pollinators than to seed dispersers, and the reverse
for fruits.

Adaption to mutualists’ visual systems

In order to demonstrate adaptation to several mutualists, we first
predicted that flowers would be more conspicuous to pollinators

New Phytologist (2014) 201: 678-686
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than fruits would be, and vice versa for fruits and seed dispersers
relative to flowers. Our results unambiguously support this pre-
diction. The differential conspicuousness of flowers and fruits to
a given perceiver is facilitated by the weak phenotypic integration
of colour traits among flowering and fruiting displays. Indeed,
even though we found evidence that correlations between flower
and fruit colouration are a widespread phenomenon within plant
species of the Spanish community, we also showed that there are
no strong effects on deeper phylogenetic levels. Thus, genetic cor-
relations and pleiotropy do not appear to be a major constraint in
the evolution of flower and fruit colouration. This finding is cer-
tainly related to the high versatility of the biosynthetic pathways
of plant pigments: minor changes in regulating factors may have
profound effects on the resulting colouration (Rausher, 2008).
Our results therefore support recent suggestions that colour sig-
nals are highly evolvable not only in animals (Endler ez 4/., 2005)
but also in plants (Valido ez al., 2011; Stournaras ez al., 2013).
We were further expecting that the conspicuousness of a given
plant structure would be higher to mutualists than to nonmutual-
ists. Again, results with standardized estimates of conspicuousness
matched this prediction. Overall, the finding that flower and fruit
colours can stimulate the eyes of distinct pollinators and seed
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Fig.2 Tree of similarities among stimulation landscapes reconstructed by
comparing standardized conspicuousness of the same 10 artificial colour
stimuli. Numbers above basal branches indicate bootstrap values. NW,
New World; OW, Old World. A fully captioned version is provided in Fig.
S1(b).

dispersers, respectively, more strongly than the eyes of
unintended animals indicates that these colours are probably sig-
nalling adaptations targeted towards distinct plant dispersers.

The higher conspicuousness of a given plant structure to mutu-
alists compared with nonmutualists could originate from selection
exerted by mutualists. Flower and fruit phenotypes that are more
conspicuous and thus attract more mutualists would have
increased fitness, generating differential conspicuousness to mutu-
alists and nonmutualists over evolutionary time. Two conditions
for this mechanism to occur are: that mutualists exert convergent
and nonindependent selective forces (Iwao & Rausher, 1997),
that is, they have similar perception of colour signals; and that
mutualists and nonmutualists have different perception of
colours because any increase in conspicuousness to mutualists
would otherwise indirectly increase conspicuousness to nonmutu-
alists, independently of whether nonmutualists select plant
colours or not. Supporting both conditions, we found that the
stimulation landscape is more similar among pollinators and
among seed dispersers than between these two groups. Impor-
tantly, we showed that functional groups of mutualists exerting
similar selective forces on plant colouration should not be defined
according to the number of photoreceptor types but according to
the perceived similarities.

Selection decreasing conspicuousness to nonmutualists could
also generate differential conspicuousness to mutualists and to
nonmutualists. Although many flower and fruit antagonists are
insects and vertebrates, respectively, various insects such as some
butterflies, wasps and bugs are also fruit antagonists, consuming
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fruit pulp without dispersing seeds, while also serving as vectors
for fruit-colonizing fungi (Tewksbury ezal, 2008); and many
primate and bird species consuming nectar have important dele-
terious effects for flower reproduction (Riba-Hernandez &
Stoner, 2005). In addition, plant signals could have been shaped
to limit detection by the least effective mutualists (Lau &
Galloway, 2004). For example, it is often assumed that red
colouration in flowers pollinated by red-sensitive birds has
evolved because it reduces detection by bees that are both less
effective as pollinators and less sensitive to red (Rodriguez-
Gironés & Santamaria, 2004). The current data do not allow
disentangling between selection increasing or decreasing conspic-
uousness, but the observed differential conspicuousness of flower
and fruit colours to intended and unintended perceivers can
result from a combination of the two types of selective pressure.

Adaptation through spectral tuning
Although the perception of colours modelled through photore-

ceptor signals shares commonalities among dispersers of a given
functional group, it also shows substantial differences (Fig. 2).
Given the intrinsic constraints that prevent a narrow matching of
reflectance spectra with the sensory sensitivities of perceivers, we
need to ask how colour signals can be simultaneously tuned to
the sensitivity of multiple visual systems. Previous studies showed
that minor stepwise changes in reflectance could determine the
conspicuousness of flower and fruit colour signals to a given dis-
perser if these changes occur in areas of heightened sensitivity of
the perceiver (Chittka & Menzel, 1992; Schaefer eral., 2007).
Provided that bee and fly visual systems share wavelengths with
heightened sensitivity, such changes could explain how colours
can simultaneously stimulate markedly distinct visual systems.

A synthetic stimulation landscape in which the dimension
indicating colour conspicuousness is the sum of standardized
conspicuousness to bees and flies identifies the colours that best
stimulate simultaneously the perception of the two pollinator
groups. Figure 3 illustrates such a landscape and elucidates two
important aspects of adaptation to diversified assemblages of poll-
inators. First, there are several peaks in this synthetic landscape,
indicating that different local optima exist in stimulating both
flies and bees. If different colours attract simultaneously bees and
flies, plants adapting to these insects do not necessarily converge
on the same colour signal; a result that can contribute to explain-
ing the pronounced floral colour diversity in angiosperms. Sec-
ondly and equally importantly, the fact that small variations in
the shape of reflectance spectra can lead to pronounced variations
in the summed conspicuousness has important implications for
the evolution of adaptations in colour signalling. It suggests that
the costly trade-offs typically inherent to adapting to multiple
mutualistic partners may not be common in visual communica-
tion because small variations in several colours can increase
simultaneously the conspicuousness to both bees and flies. This,
in combination with the result that several colours can stimulate
both bees and flies strongly, may contribute to explaining the
ubiquity of diversified interactions in pollen dispersal mutualisms

(Waser et al., 1996).
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Fig. 3 Stimulation landscape of simultaneous conspicuousness of fruit and
flowers to fly and bee visual systems. The landscape was constructed by
adding the standardized landscapes of the bee visual system to the
landscape of the fly visual system. Only the first three principal
components (PCs) of the stimulus space are represented. The summed
standardized conspicuousness varies within the interval [0;2] and is unit-
free: blue and red colours indicate spectra that are poorly or highly
conspicuous to both bees and flies, respectively. Black points indicate pairs
of spectra that are physically close — as shown by the physical proximity

in the landscape and by the reflectance spectra given in insets (abscissa,
wavelengths in nm; ordinate, reflectance) — but are perceptually different
—as indicated by the colouration of the landscape and by the values above
spectra (indicating the exact value of summed standardized
conspicuousness for each reflectance spectrum).

Major changes in conspicuousness resulting from minor spec-
tral variations also explain how flower and fruit colours could
have reduced conspicuousness to antagonists or to ineffective
mutualists. In addition, signals reflecting most of the light at one
extreme of the visible light spectrum, to which only effective mu-
tualists are sensitive, could also contribute to stimulating mutual-
ists more than nonmutualists. Supporting this mechanism, there
were more fruits than flowers in our data sets with a deeply
saturated red colour that is highly conspicuous to birds (Fig. S2).

Adaptation, colour preferences and conspicuousness

Studies investigating possible adaptations of plant colouration to
animal dispersers analysed how hues segregate to different groups
of animals; which is an indirect approach to analyse associations
between plant colouration and colour selection (e.g. Gautier-
Hion etal, 1985; Arnold etal, 2009; Campbell ezal., 2010).
While hues can be associated with specific groups of dispersers,
there is little support that this association is driven by animals’
colour preferences. Often, there is marked variation in colour
preferences among species, populations and even individuals
(McCall & Primack, 1992) and preferences are even transient
within individuals (Willson, 1994). This variation arises because
colour preferences (both innate and learned) can be themselves
adaptive, that is, are shaped to facilitate recognition of beneficial
objects (Raine & Chittka, 2007; Palmer & Schloss, 2010), and
are thus context-dependent. For example, a flower can be profit-
able or not to a given pollinator depending on competition with
other pollinators (Chittka & Waser, 1997; Valido ez al., 2002),
availability of alternative plant resources (Ghazoul, 2004), and
environmental as well as genetic factors influencing the
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production of rewards by plants (Mitchell, 2004) or colour sig-
nalling (e.g. herbivores influencing frequency of colour morphs;
Irwin etal., 2003). Studying the association between hues and
groups of perceivers may thus not be optimal to evaluate the
adaptation of plant colouration to dispersers, because a lack of
association could be a result of grouping perceivers at the wrong
level (typically at species level when preferences differ between
populations; Lazaro eral, 2008), while a positive association
could be driven be adaptation in perceivers but not in signallers.
In contrast to colour preferences, the perception of colours as
coded at the eye level is much more stable across perceivers
(Briscoe & Chittka, 2001; Osorio & Vorobyev, 2008). Indeed,
the number and sensitivities of photoreceptor types are most fre-
quently adapted for ‘general-purpose’ vision within a given envi-
ronment, which constrains adaption to a specific visual task
(Osorio & Vorobyev, 2008). As a consequence, diversification in
plant colouration should postdate diversification of photorecep-
tors (Chittka, 1997), meaning that a match between flower or
fruit colours and dispersers’ perception of colours probably origi-
nates from an adaptive tuning of plant colouration. This explains
why those studies interested in colour conspicuousness or colour
diversity with regard to the discrimination abilities of animal dis-
persers (two aspects of visual communication determined mainly
at the eye level) unambiguously support adaptation of flower and
fruit colouration to animal mutualists (this study; Chittka &
Menzel, 1992; Lomascolo ez al., 2010; Dyer et al., 2012; Shrestha
etal., 2013). One exception is the study by Lomdscolo & Schaefer
(2010). These authors found that, although bird-eaten and pri-
mate-caten fruits can be well discriminated by birds and primates
based on colouration, both types of fruits are more conspicuous
to birds than to primates. This and our own findings together sug-
gest that, in general, the colouration of flowers and fruits is adap-
tively conspicuous to pollinators and seed dispersers, respectively,
but above a minimal threshold of conspicuousness, different
colours can be selected (there are several peaks of simultaneous
conspicuousness; see Fig. 3) depending on local colour prefer-
ences of mutualists or on factors unrelated to communication.

Considerations

We caution against generalizing our conclusions too widely. We
selected the Spanish and the two South American communities
in this study because the identity of the main pollen and seed dis-
persers allowed a balanced design with trichromatic and tetra-
chromatic perceivers within each type of dispersal service. These
communities show a robust pattern of adaptation, but cannot
represent all possible interactions between plants and dispersers.
For example, birds can also contribute substantially to pollina-
tion, reptiles sometimes visit flowers and fruits, and insects can
disperse seeds of fleshy fruits (Duthie ezal., 2006). While more
studies are clearly needed in order to assess whether our results
and the suggested mechanisms of adaptation apply to other com-
munities and ecosystems, the concordant results between the
Spanish and the two South American communities suggest that
adaptation of flower and fruit colours to multple, distinct
mutualists may be widespread.

© 2013 The Authors
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Conclusions

Since Aristotle, it has been paradigmatically assumed that flower
colours are adapted to attract pollinators (Chittka, 1997; Lee,
2007). A growing body of literature has shown, however, how
interactions with multiple species such as those occurring
between most plants and animal dispersers translate into dispa-
rate selective pressures (Thompson, 2005; Guimaraes ezal.,
2011). Thus, the degree of adaptations in generalized plant—
animal mutualisms is contentious (Waser etal, 1996; Fenster
etal., 2004). Here, we showed that subtle adjustments in colour
stimuli allow broad-band colour stimuli to match broad-band
receptor sensitivities of multiple mutualists. These adjustments
can have important perceptual effects, allowing adaptation of
flower and fruit colour signals. This study suggests that adapta-
tion to a specific set of mutualists can occur more frequently than
currently acknowledged in colour signalling, even in mega-
diversified networks of mutualistic interactions.
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Fig. S2 Distribution of flower (red) and fruit (blue) colours in the bee, fly, macaque and UVS
bird chromaticity diagrams. Photoreceptors are labelled by their wavelength of maximal
sensitivity (see Table 1 in Methods S1). Diagrams are extracted from a photoreceptor contrast
space, indicating that the green environmental background lies at the centre of the diagrams.
The conspicuousness of a plant item is given by its distance to the centre of the diagram. Even
though flower and fruit colours show different distribution among and between diagrams (for
a discussion on these differences; see Osorio & Vorobyev, 2008), no particular flower or fruit
colour is obviously driving the higher averaged conspicuousness of flower colours to
pollinators and of fruit colours to seed dispersers (here, it is important to realise that the
spread is indicating colour diversity, not conspicuousness; see Endler & Mielke, 2005). One
exception may be the fruit colours in the bird diagram: a relatively high number of fruits that
stimulate almost exclusively the 564 nm photoreceptor, which corresponds to highly saturate
red fruits, may increase the average conspicuousness of fruits in comparison to flowers.
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Methods S1 Supplementary methods for estimating conspicuousness.

Receptor Noise Limited models

We first used Receptor Noise Limited models (RNL; Vorobyev & Osorio, 1998) to estimate
colour contrasts between a signalling stimulus (flower or fruit reflectance spectrum) and the
background stimulus (average leaf spectrum). For each photoreceptor i we calculated the

adapted quantum catch g; as:
(1)

J.YOOS(A)I()\)R,()\)d)\
300

q; = 7700 ,
LOO B(MI(MR; (A)dA

where S(A),B(L), I(A) and Ri(A) correspond to the reflectance spectrum of the stimulus (fruits
or flowers), the background (leave), the illuminant spectrum (CIE D65), and the
photoreceptor sensitivity function, respectively.

Photoreceptor sensitivity functions were built using original templates from
Govardosvskii ef al. (2000) and wavelengths of maximal sensitivity except for flies (Table 1
in Methods S1). For flies, we used sensitivity functions originally published for the hoverfly
(Eristalis tenax)’s photoreceptors (Horridge et al., 1975) because Govardosvskii’s templates
did not allow reproducing the shape of receptor sensitivities. For bees, we used wavelengths
of maximal sensitivity published for the honeybee Apis mellifera (Menzel & Backhaus, 1991).
For birds, we reconstructed sensitivity functions corresponding to both ultraviolet- and violet-
sensitive visual systems using data provided in Endler & Mielke (2005). For carnivores, we
used values of maximal sensitivity published for the matern Mustela putorius (Calderone &

Jacobs, 2003). Photoreceptor sensitivity functions of the Barbary macaque were reconstructed
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using data from the crab-eating macaque Macaca fascicularis (Jacobs, 2008). Because most
New-World primates exhibit polymorphism at a X-chromosome opsin gene, six visual
systems (either dichromatic or trichromatic) can theoretically be found within the same
population (Jacobs, 2008). In addition, photoreceptor sensitivities differ between
Callitrichidae (e.g., marmosets, tamarins) and Cebidae (Cebus, squirrel monkeys) families,
leading to twelve possible visual systems in polymorphic New-World primates (Jacobs,
2008). We included nine of these twelve systems in our analyses because three of them were
almost redundant (Table 1 in Methods S1). Sensitivity functions were built for each system

using data on maximal sensitivity provided by Osorio et al. (2004).

Table 1 in Methods S1. Wavelengths of maximal sensitivity for each photoreceptor used to
build photoreceptor sensitivity functions R,(A). Photoreceptors are ordered according to their

wavelength of maximal sensitivity, with the shortest wavelength corresponding to the smallest

i index.
Photoreceptor i
Animal model Ref.
1 2 3 4
Bees (4pis mellifera) 340 430 535 (Menzellgc;?;:l ckhaus,
Fly (Eristalis tenax) 330 340 460 540 (Horridge et al., 1975)
Birds (UVS mean) 367 444 501 564 (Endler & Mielke, 2005)
Birds (VS mean) 412 452 505 565 (Endler & Mielke, 2005)
Marten (Mustela putorius) 430 558 (Endler & Mielke, 2005)
Old-World primate (Macaca fascicularis) 430 530 560 (Jacobs, 2008)
New-World primate (dichromatl) 430 553 (Osorio et al., 2004)
New-World primate (dichromat2) 430 562 (Osorio et al., 2004)
New-World primate (dichromat-"Callitrichidae") 430 543 (Osorio et al., 2004)
New-World primate (dichromat-"Cebidae") 430 535 (Osorio et al., 2004)
New-World primate (trichromat-"deuteroanomalous") 430 553 562 (Osorio et al., 2004)
New-World primate (trichromat-"Cebidae normal") 430 535 562 (Osorio et al., 2004)
New-World primate (trichromat-"Cebidae protanomalous") 430 535 550 (Osorio et al., 2004)
New-World primate (trichromat-"Callitrichidae normal") 430 543 562 (Osorio et al., 2004)
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New-World primate (trichromat-"Callitrichidae protanomalous") 430 543 556 (Osorio et al., 2004)

Applying the RNL model to flies supposes that all four R7p, R7y, R8p and R8y receptors feed
an unspecified opponent function. The RNL model thereby differs from another model
proposed to explain colour vision in flies and that has been previously used in ecological
studies (e.g., see Arnold et al., 2009; Defrize et al., 2010). Indeed, Troje (1993) proposed that
flies classify stimuli in four different colour categories, and that stimuli can be discriminated
only if they belong to distinct categories. We did not use this model of categorical colour
vision because it is not supported by several behavioural and anatomical data. For example,
Sutherlands et al. (1999) showed that the hoverfly Episyrphus balteatus has a marked
preference for blue over yellow-green artificial flowers, which is unlikely to originate from
the very small difference in achromatic contrast between both stimuli. According to Troje’s
model, however, the two stimuli lie well within the same colour category and thus they should
not be distinguishable. Similar behavioural evidences for discrimination abilities within
colour categories of Troje’s model can be found in Prokopy et al.(1975) for a tephritid fly, and
in Brembs & de Ibarra (2006) and Yamaguchi et al. (2010) for Drosophila. By contrast,
Brembs & de Ibarra (2006) while applying the RNL models found that their behavioural
results on colour discrimination best matched predictions made when using inputs from the
three R7y, R8p, R8y receptors. Similarly, Fukushi (1994) supports a {R7y, R8p, R8y}
trichromatic colour vision modelled using a Maxwell triangle. Both studies, however, did not
include UV-rich stimuli, meaning that the UV-sensitive R7p receptor was not stimulated. This
explains why Fukushi (1994) even did not attempt to model colour vision including inputs
from this photoreceptor. Yet more recent studies clearly showed that R7p influences colour

vision. Yamaguchi et al. (2010) found that mutant flies with only R7 receptors have a strong
7



preference for blue when having the choice between blue and UV. This can be explained only
if R7y and R7p are connected to each other by an opponent mechanism; an explanation
further supported anatomically by the existence of neurons that contact R7y to R7p and R8y
to R8p (Morante & Desplan, 2008). From these results, it appears that a chromaticity diagram
should be most reliably modelled by including inputs from all four R7p, R7y, R8y and R8p
receptors.

We used the logarithmic version of the RNL model in which the adapted quantum catches
calculated with Equation 1 are log-transformed (Vorobyev et al., 2001). Then, each
photoreceptor type is assigned a noise factor e; depending on the Weber fraction and the
relative density of the photoreceptor type (see Kelber et al., 2003) for the formulae and Table
2 in Methods S1 for values of ;). In this study, we assumed photopic viewing condition, i.e.
sufficiently bright illumination for the Weber law to hold (Vorobyev ef al., 2001). The noise
factor is therefore assumed to be independent of the perceived stimulus and is given by the

neural noise only.

Table 2 in Methods S1. Photoreceptor noise factor e;.

Animal model noise factor e; Ref.
Bees (dpis mellifera) {0.13,0.06,0.12} (Hempel et al., 2001)
Fly (Eristalis tenax) {0.1,0.65,0.1,0.65) (Brembs & de [barra,
2006)
Birds (UV'S mean) {0.1,0.07,0.07,0.05} (Vor"byf;’g‘;‘) Osorio,
Birds (VS mean) {0.1,0.07,0.07,0.05} (Vorobyev & Osorio,
1998)
Carnivore (Mustela putorius) {0.05,0.013} (Calder‘;‘(l)%f‘) Jacobs,
Old-World primate (Macaca fascicularis) {0.08,0.02,0.02} (Wyszecki & Stiles, 1982)
New-World primate (dichromat1) {0.08,0.014} (Osorio et al., 2004)
New-World primate (dichromat2) {0.08,0.014} (Osorio et al., 2004)
New-World primate (dichromat-"Callitrichidae") {0.08,0.014} (Osorio et al., 2004)
New-World primate (dichromat-"Cebidae") {0.08,0.014} (Osorio et al., 2004)
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New-World primate (trichromat-"deuteroanomalous") {0.08,0.02,0.02} (Osorio et al., 2004)

New-World primate (trichromat-"Cebidae normal") {0.08,0.02,0.02} (Osorio et al., 2004)
New-World primate (trichromat-"Cebidae protanomalous") {0.08,0.02,0.02} (Osorio et al., 2004)
New-World primate (trichromat-"Callitrichidae normal") {0.08,0.02,0.02} (Osorio et al., 2004)
New-World primate (trichromat-"Callitrichidae protanomalous") {0.08,0.02,0.02} (Osorio et al., 2004)

Stimulation landscapes
In order to model stimulation landscapes, we first defined a chromaticity diagram {¢“1,...,¢¢i}

by removing the achromatic dimension of the photoreceptor contrast space {q1,...,qi}:

c

q

_a
qu'

In this model, the background location lies at the centre of the diagram. In a segmental

diagram for dichromatic vision, the coordinate of the stimulus location is given by:
X = i((702 -q°1)
V2
In the two-dimensional diagram for trichromatic vision, coordinates are given by:
X =i(qcs -q°2)
V2 ’

y:ﬂ(qc -qc3+qc3)
g3to2

Last, in the three-dimensional diagram for tetrachromatic vision, coordinates are given by:
X = i(qc4 -q°)
V2 ’

y =£(qc 9% +q°4)
\/g 2 2 )

z:ﬁ( o 92+9°+q%
2\ 3
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The conspicuousness C of the stimulus is eventually given by the Euclidean distance between
the stimulus and the background locations in the chromaticity diagram.

A stimulation landscape is built by treating C as a variable, which is added to a
spectral space. One location in a spectral space corresponds to one reflectance spectrum
(Renoult et al., 2013). Contrary to the variable C, the spectral space if the same for the fifteen
groups of perceivers studied. Reflectance spectra of natural objects are typically smoothly-
shaped, which is indicative of high correlation between the reflectance of adjacent
wavelengths. As a consequence, a spectral space is low-dimensional. We applied a principal
component analysis (PCA) on the full dataset of reflectance spectra to reduce the
dimensionality of the spectral space. PCA was performed with reflectance spectra normalised
to have integrals of constant value (Maloney, 1986). Keeping six principle components and
inverting the PCA procedure, we were able to reconstruct a dataset of reflectance spectra that
was ‘perceptually similar’ to the original dataset when seen by birds; the animals with the best
capacities in colour discrimination among the fifteen types of perceivers studied. Here,
‘perceptually similar’ means that more than 99% of reconstructed spectra could not be

distinguished from original spectra as estimated using the RNL model of bird colour vision.
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Methods S2 Phylogenetic relationships among the 102 Spanish plant species.

We first established relationships between families by discarding all but the 28 families
included in our study from a published phylogeny of the angiosperms (Davies ef al., 2004).
Relationships between genera were obtained from the literature when available. The resulting
cladogram was then converted into an ultrametric tree by aging interior nodes. Age of nodes
located between the root and the families were retrieved from the Davies et al.’s tree. At and
down to family level, ages were assigned from Wilkstrom et al. (2001). For families
represented by more than one genus, the age of the family node corresponds to the family age
given in this article. For families represented by a single genus, we assigned age as half the
family age. Although arbitrary, this procedure avoids overestimating the divergence time of
species for those families. For the remaining nodes, we reduced variance between branch

lengths by using the BLADJ algorithm which evenly spaces nodes of unknown ages.

11



