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Signal convergence in fruits: a result of selection by frugivores?

S. B. LOMASCOLO*" & H. M. SCHAEFER*

*Department of Zoology, University of Florida, Gainesville, FL, USA
tDepartment of Animal Ecology and Evolutionary Biology, Faculty of Biology, University of Freiburg, Freiburg, Germany

Keywords:

colour vision model;
Dispersal syndromes;
frugivory;

plant-animal communication;
signal evolution.

Introduction

Abstract

The Dispersal Syndrome hypothesis remains contentious, stating that appar-
ently nonrandom associations of fruit characteristics result from selection by
seed dispersers. We examine a key assumption under this hypothesis, i.e. that
fruit traits can be used as reliable signals by frugivores. We first test this
assumption by looking at whether fruit colour allows birds and primates to
distinguish between fruits commonly dispersed by birds or primates. Second,
we test whether the colours of fruits dispersed by primates are more
contrasting to primates than the colours of bird-dispersed fruits, expected if
fruit colour is an adaptation to facilitate the detection by seed dispersers. Third,
we test whether fruit colour has converged in unrelated plant species dispersed
by similar frugivores. We use vision models based on peak sensitivities of birds’
and primates’ cone cells. We base our analyses on the visual systems of two
types of birds (violet and ultraviolet based) and three types of primates
(trichromatic primates from the Old and the New Worlds, and a dichromatic
New World monkey). Using a Discriminant Function Analysis, we find that all
frugivore groups can reliably discriminate between bird- and primate-
dispersed fruits. Fruit colour can be a reliable signal to different seed
dispersers. However, the colours of primate-dispersed fruits are less contrasting
to primates than those of bird-dispersed fruits. Fruit colour convergence in
unrelated plants is independent of phylogeny and can be better explained by
disperser type, which supports the hypothesis that frugivores are important in
fruit evolution. We discuss adaptive and nonadaptive hypotheses that can
potentially explain the pattern we found.

Gumbert ef al., 1999; Johnson & Steiner, 2000). The
latter, in particular, constitutes a long-debated central

To overcome the constraints imposed by immobility,
many plants depend on animals for dispersal of pollen
and seeds. Animal pollinators and dispersers cue on plant
signals (colour and odour) to find flowers and ripe fruits.
Yet the great diversity of plant odours and colours is
poorly understood - it has been variously attributed to
chance, to environmental control, and to the sensory
ecology of mutualistic animals (Ben-Tal & King, 1997;
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question in the field of plant-animal interactions: Do
animal mutualists consistently, and differentially, select
plant traits, resulting in trait convergence into pollination
and seed dispersal syndromes (Ridley, 1930; van der Pijl,
1961, 1969; Janson, 1983; Johnson & Steiner, 2000)?
Syndromes are sets of flower or fruit traits hypothesized
to evolve under the selective pressure of pollinators
(Pollination Syndrome hypothesis) and seed dispersers
(Dispersal Syndrome hypothesis), respectively. Syn-
dromes result from the convergence of floral or fruit
traits in unrelated plants sharing the same suites of
visitors, which may be adaptive, because visitation rate is
commonly dependent on resource density (Feinsinger
et al., 1991; Ben-Tal & King, 1997; Forsyth, 2003). This
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‘Signal Convergence hypothesis’ is the main focus of this
study. We test for the convergence of one trait, fruit
colour, that is very important to define dispersal syn-
dromes, because frugivores commonly use it as a signal to
find and asses fruits (Schmidt et al.,, 2004; Voigt et al.,
2004; Burns, 2005; Schaefer et al., 2006, 2008a).

Nevertheless, the general convergence of fruit or
flower traits to syndromes that are reliably associated
with (i.e. presumably signal to) specific animal vectors
has been questioned. Detractors of the syndrome hypoth-
eses argue that plants tend to benefit from different types
of animal mutualists and, conversely, plant-visiting
animals tend not to specialize on only one type of plant
(Herrera, 1985; Waser et al., 1996; Johnson & Steiner,
2000). This argument is particularly relevant to the
evolution of seed dispersal syndromes, because plants
show a lower degree of specialization towards seed
dispersers than they do towards pollinators (Bliithgen
et al., 2007). From an adaptive viewpoint, the low degree
of specialization in seed dispersal will result in disparate
selective pressures on fruit appearance and will, thus,
reduce the likelihood of signal convergence. Some
authors claim that apparently nonrandom combinations
of fruit traits are evidence of syndromes (Janson, 1983;
Knight & Siegfried, 1983; Gautier-Hion et al., 1985;
Willson et al., 1989; Kalko et al, 1996; Korine et al.,
2000). However, when those combinations of traits have
been scrutinized in phylogenetically controlled studies,
the syndromes are generally not supported (Herrera,
1987; Fischer & Chapman, 1993). This difference in
approach and opinion has generated much controversy.

We argue that one reason studies addressing the role of
frugivores in shaping fruit evolution have reached
disparate conclusions is that fruit colour, one of the most
important fruit traits reflecting differential food selection
by distinct frugivore assemblages (Voigt et al., 2004), has
been measured inappropriately. Colour as a visual cue
might be particularly important in defining syndromes,
because it represents the first step in the interactions
between plants and animals. Natural selection should
favour signals (fruit colours) that elicit a response in the
receiver (the frugivore) that increases the fitness of the
sender (the plant) (Endler, 1992). From this, we can
derive that the efficiency of a signal depends not only on
the signal’s form (i.e. the spectral reflectance of the
fruit), but also on the receiver’s perception (i.e. the
frugivore’s neural circuitry to interpret the colour signal)
(Endler, 1992). Nonetheless, evolutionary studies on
fruits and frugivores have typically reported colour
qualitatively and according to human visual perception
(Janson, 1983; Gautier-Hion et al, 1985; Fischer &
Chapman, 1993; Lord et al., 2002), or they have ignored
colour (Jordano, 1995), probably because of the difficulty
of quantifying it.

Another important property of signals is their con-
spicuousness which is quantified as the signal-to-noise
ratio. In the case of visual signals, conspicuousness is
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directly correlated with the contrast between the colour

of the object and that of the surrounding environment.

In general, receivers are assumed to select for maxi-

mum conspicuousness of the signal. In the case of

fruits, the contrast between the colour of the fruit and
the foliage background should be greatest to the
disperser to which the signal is targeted. Although
fruit conspicuousness has been shown to be important
for fruit detection (Sumner & Mollon, 2000a; Regan

et al., 2001; Burns & Dalen, 2002; Schmidt et al., 2004),

the contrast between the colour of the fruit and that of

its background has never been incorporated in a study
of dispersal syndromes.

Our study focuses on the role of fruit colour as a signal
to two of the most common diurnal frugivorous taxa,
primates and birds, which differ in their visual abilities
(Hastad and Odeen 2008). One assumption of our study
is that primates and birds can have differential effects on
plant fitness according to their differences in seed
treatment and recruitment requirements of different
plants. Although support is scant, some published studies
suggest that this is a fair assumption (Clark et al., 2001;
Poulsen et al., 2002). Under the Signal Convergence
hypothesis, we test whether fruit colour can be used as a
signal to seed dispersers. We predict the followings:

1. Primates should be able to distinguish visually between
fruits that are primarily dispersed by them and those
that are primarily dispersed by birds. Birds should do
the same.

2. Given that the visual systems of birds and primates
differ, fruit colours should be more conspicuous to the
disperser (primates or birds) to which they are signal-
ling than to other dispersers.

3. The colour of fruits dispersed mainly by primates
should converge to colours that are different from
those that are dispersed mainly by birds.

To test prediction no. 1 of the Signal Convergence
hypothesis, we use vision models to analyse fruit signals
according to the colour vision capabilities of primates and
birds (Osorio & Vorobyev, 1996; Vorobyev & Osorio,
1998; Regan et al., 2001; Endler & Mielke, 2005). To test
prediction no. 2, we define conspicuousness as the
contrast in colour between the fruit and the foliage
background, and we use vision models to calculate
conspicuousness of fruits to each frugivore type. To test
prediction no. 3, we perform a phylogenetic comparative
analysis to see whether color discrimination by birds and
primates can be explained by phylogenetic relations of
plants. For no. 1 and 2 predictions, we used the largest
data set of spectral fruit colours analysed to this date. For
402 plant species with known fruit consumers, we
demonstrate that primates are physiologically capable of
discriminating between fruits dispersed by them and
those dispersed by birds based solely on colour. Likewise,
we show that birds can do the same and that this pattern
transcends visual capability of different frugivores, geo-
graphic areas and persists even when phylogenetic effects
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are controlled. Prediction no. 3 was tested with 187
species for which phylogenetic information was avail-
able. We also discuss why fruit colours were not always
more conspicuous to the targeted disperser.

Materials and methods

Fruit colour and disperser data

Data on reflectance spectra of fruits and data on fruit
consumer for each plant species were obtained mainly
from the literature and partly from our fieldwork. A total
of 402 species were included, of which 176 were primate-
dispersed species from French Guiana (110) (Regan et al.,
2001), Uganda (46) (Sumner & Mollon, 2000b) and
Venezuela (20) (Schmidt et al., 2004), and 226 were bird-
dispersed species from Florida (28) (Schaefer et al., 2007),
Europe (99) (Schaefer efal, 2007), Venezuela (31)
(Schmidt et al., 2004) and other regions (68) (Schaefer
et al., 2007, and fieldwork). These authors investigated
how fruit colours are perceived by either birds or
primates, which resulted in exclusive categories of
dispersers. All data on dispersers were based on observa-
tions at fruiting plants by these authors. We made sure
that disperser was never assigned based on fruit mor-
phology, as that would have incorporated circularity in
our analyses. In all cases, colour was quantified using a
portable spectrometer and an external light source. Fruit
reflectance was obtained as the proportion of reflectance
against a white standard. The spectrometer, light and
white standard varied among studies but were consistent
within each study. Although the use of different equip-
ment adds an uncontrolled source of variation in the
data, we considered that, if the predicted patterns were
found in reflectance of primate- vs. bird-dispersed fruits,
this would be despite the lack of consistence in colour-
measuring devices, and not because of it. Notwithstanding,
we still took measures to make sure that the inclusion of
studies with different methodologies did not affect our
results (see ‘Data Analysis: Prediction no. 1 — Colour
discrimination by birds and primates” for more details).

Spectra were averaged in 5-nm intervals from 400 to
700 nm. Unfortunately, data on fruit reflectance under
400 nm (the UV range) were not available for most
primate-dispersed fruits, so we left this part of the visual
range of birds out of our main analyses. Our results are,
therefore, conservative, because differences between
fruit colour perception by primates and birds are likely
more pronounced if UV vision is accounted for. None-
theless, to test whether our conclusions held if we had
included reflectance in the UV range, we repeated the
analysis with a smaller data set consisting of nine
primate- and 68 bird-dispersed fruits for which reflec-
tance in the UV range was available. All of these fruits
belonged to different genera to minimize potential
phylogenetic biases.

Vision model

As colour is interpreted by the brain based on the
differential input of light to cone cell types with different
sensitivity to specific wavelengths (Regan et al., 2001;
Bowmaker & Hunt, 2006), we calculated the light input
to the different cone types for each frugivore group. Our
vision model combines the reflectance spectrum of each
fruit with the colour vision ability for each frugivore and
yields three variables per species of fruit, corresponding
to the quantum catch of the short-, medium- and long-
wavelength cones of the frugivore (Fig. 1). For primates,
we used three different models to account for the
variation in spectral sensitivities among primates. We
modelled cone peak sensitivities corresponding to
humans (440, 540 and 570 nm), which represent Old
World primates and are very similar to those of other
trichromatic primates (e.g. Alouatta spp.), to trichromatic
Tufted capuchins (Cebus apella) (430, 536 and 562 nm)
and to dichromatic Tamarins (Sanguinus sp.) (430 and
443 nm) (Regan et al., 2001; Bowmaker & Hunt, 2006).
Birds are less variable in their spectral sensitivities than
primates. We used two models that characterize the two
major classes, one with the short-wavelength sensitivity
biased towards the violet (hereafter VS-birds) and one
biased towards the ultraviolet (hereafter UV-birds)
(Odeen & Hastad, 2003). The cone peak sensitivities of
the VS-birds (416, 478, 542 and 607 nm) are given in
Endler & Mielke (2005), and those of the UV-birds are
represented by those of the Blue Tit (Cyanistes caeruleus,
372, 456, 544 and 609 nm). As mentioned earlier, the
published data on reflectance spectra were limited to
reflectance between 400 and 700 nm, and hence, sen-
sory input to the cones with sensitivity to the shortest
wavelength was out of the range for UV-birds and too
close to the limit for VS-birds. Hence, for both types of
birds, we only included in the model the sensitivity to
the other three cones. In each model, we calculated the
relative cone excitation values, called quantum catches
(Fig. 1), which represent the basic sensory input for
colour vision (Kelber et al., 2003).

All cone excitation values were transtormed using the
natural logarithm to achieve normality and were anal-
ysed using Discriminant Function Analysis (DFA) to test
whether bird-dispersed fruits and primate-dispersed
fruits were significantly discriminated in all visual
systems using the quantum catch of bird and primate
cones in five separate analyses. Discriminant Function
Analysis finds the combination of the variables that best
discriminates between the groups (bird- vs. primate-
dispersed fruits) and identifies each variable’s contri-
bution to the discrimination. These combinations of
variables are called Linear Discriminant Functions (LDF).
If birds can visually discriminate between fruits com-
monly dispersed by them and those commonly dispersed
by primates, a significant discrimination should be
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Fig. 1 Reflectance spectra of two different fruits (left) combined with the peak cone sensitivities of a frugivore (middle) yields the
quantum catch values (Q440, Q540, Q570) for the three cone types for each fruit (right). Quantum catch values approximate the

frugivore’s perception of colour.

obtained using the basic sensory input of bird vision.
Likewise, the same should be obtained for primates.

Data analysis

All data analysis was carried out using R 2.6.0 and 2.9.0
(R Development Core Team, 2008), with the exception of
Evolutionary Principal Components Analysis (see later)
which is implemented in Mesquite 2.01 (Dyreson &
Maddison, 2006; Maddison & Maddison, 2007). Phylo-
genetic reconstruction of our species was performed
using Phylomatic (Campbell & Donoghue, 2004). All
software is freely available online.

Prediction no. 1 — colour discrimination by birds and
primates

To evaluate the accuracy of the DFA and its predictive
power, we split our data set of 402 species into two parts
and derived the LDFs with one part (206 species from
French Guiana, Florida and other varied geographic
regions), called the ‘training” DFA and tested the predic-
tive value of LDFs with a validation DFA performed on a
completely independent data set formed by the other part
of our data, (196 species from Uganda, Europe and
Venezuela). This is a powerful test (see Sharma et al.,
2005) of the wvalidity of the discrimination between
primate and bird fruits by primate and bird vision,
because the pattern of discrimination will remain
significant only if it is consistent across very different
biogeographical regions, such as the Palaeotropics,
Palaeo-temperate areas and the Neotropics. We also
tested the predictive value of the LDFs by classifying the
cases as ‘bird” or ‘primate’ fruits based on their score on
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the LDF derived with the ‘training” DFA. The higher the
percentage of species that were well classified (known
bird-dispersed species correctly classified as a bird-
dispersed species), the higher the predictive value is of
the LDFs. This was carried out separately for the
‘training” and the validation data sets.

Variation in geography as well as in the methods used
to obtain fruit colour spectra may introduce biases in our
data set. To make sure that our results were not affected
by the distribution of species into the ‘training’ and the
validation data sets, we tested several other combinations
of species in both data sets, including different random
samples where half of the data from each region were
included in the ‘training’ set, and the other half in the
validation set. As the results do not change qualitatively,
we only report the results of the analysis described
previously.

Prediction no. 2 — conspicuousness of the fruits to
primates

To test whether primate-dispersed fruits contrasted more
against the foliage than bird-dispersed fruits from a
primate’s visual perspective, we first calculated the
chromatic contrasts of 86 primate fruits and 188 bird
fruits against their species-specific foliage background
as the Euclidean distance between the colour of a fruit
and the colour of the structure against which it is viewed
by the frugivore. We restricted this analysis to the subset
of 256 species for which species-specific background
information was available. The resulting contrasts for
primate and bird fruits were entered into the primate-
vision model, and the results were compared using a
Mann-Whitney U-test. Unfortunately, we could not test
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conspicuousness of fruits to birds, because UV reflectance
is required to obtain an accurate measure of conspicu-
ousness to birds. To ensure that the differences between
fruit types are actually attributed to the differences in
reflectance by the fruit itself and not by the background,
we also calculated fruit contrasts against the mean
background for the 256 species included in the analysis
and compared the results using another Mann-Whitney
U-test.

Prediction no. 3 — phylogenetic control
Closely related species are not independent data points,
because they share a common ancestor. Our specific
question here is whether the discrimination by birds and
by primates between bird- and primate-dispersed species
can be explained by the phylogeny of our plant taxa.
Hence, we did a comparative phylogenetic analysis based
on a phylogeny of the plant species included in this study,
which was constructed using a free online program called
Phylomatic (Campbell & Donoghue, 2004). This software
builds the phylogeny based on master trees in their data
base, called ‘megatrees’. Only 187 species were included
in the phylogeny because, first, not all species are
included in the database used by Phylomatic and, second,
because Phylomatic only resolves trees to the genus level
(Fig. S1). That means that all species belonging to the
same genus are coded as a polytomy, which is uninfor-
mative for our comparative phylogenetic analysis. Hence,
we included only one species of each genus in the tree,
randomly chosen using a random number generating
algorithm in R (R Development Core Team, 2008). We
controlled for phylogenetic effects by doing a Canonical
Phylogenetic Ordination (Giannini, 2003; Herder et al.,
2006; de Pinho Werneck et al, 2009). This method
seemed particularly appropriate for two reasons: first, it
subdivides the phylogenetic tree into clades, which takes
into account that not all clades may be related to the
pattern in the variable in question and allows for a more
detailed analysis of which specific clades have a stronger
phylogenetic signal; and second, it is strictly based on tree
topology and not on ancestral character state reconstruc-
tion, so fewer assumptions are made when inferring the
phylogenetic structure of the comparative data (Giannini,
2003).

This method is based on a general regression model of
the form

Y =pX+¢

where Y represents the comparative data, in this case,
the score of each plant species on the LDF, f is a
regression coefficient of the Y-X relationship, X
represents membership to the different monophyletic
clades in the phylogenetic tree, i.e. the phylogenetic tree
structure, and ¢ is an error term. The matrix of group
membership was generated using the program TNT
(Goloboftf et al., 2008) and is of the simple form

Clade 1 Clade 2 Clade 3
Species 1 1 1 0
Species 2 1 1 0
Species 3 0 1 0
Species 4 0 1 0
Species 5 0 0 1
Species 6 0 0 1

where clade membership is represented by 1’s.

First, a regression is run between each variable X
representing each monophyletic clade in the tree and the
dependent variable, i.e. the score on the LDF generated by
doing a Discriminant Analysis with the 187 species
included in the tree. To prevent inflating the significant
results because of the multiple comparisons carried out,
we used a sequential Bonferroni correction (Rice, 1989)
to determine all clades that significantly explain the
variation in Y. Second, all the significant clades were used
to find the best model that explains the variation in Y.
This was carried out by using a General Linear Model
approach using the glm procedure in R 2.9.0 (R Devel-
opment Core Team, 2008). In summary, if the observed
pattern of discrimination is independent of phylogeny,
then clade membership should not affect the score of each
species on the LDF. Hence, we should find that none of
the X variables significantly explain the dependent Y
variable. If, instead, phylogeny is important in defining
the pattern of discrimination that we find, we will find
that many clades explain the dependent variable ¥, and
we can identify which clades have the strongest phylo-
genetic signal. Another method based on character state
reconstruction called Evolutionary Principal Components
analysis (EPCA) (Dyreson & Maddison, 2006; Schlick-
Steiner et al., 2006) gave qualitatively similar results,
which are presented in the Supporting Information.

Results

Prediction no. 1 — colour discrimination by birds and
primates

The ‘training” DFA resulted in significant discrimination
between bird- and primate-dispersed fruits when using
both types of bird cone sensitivity peaks (VS-birds: Wilk’s
/4 =0.645, numerator d.f. =3, denominator d.f.=
202, P < 0.00001; UV-Birds: Wilk’s 1 = 0.661, nume-
rator d.f. = 3, denominator d.f. = 202, P < 0.00001) and
all three primate cone sensitivity peaks (humans:
Wilk’s 1 =0.655, numerator d.f. =3, denominator
d.f. =202, P<0.00001; dichromatic tamarins: Wilk’s
/4 =0.703, numerator d.f. = 2, denominator d.f. = 203,
P < 0.00001; Tufted capuchins: Wilk’s 4 = 0.684, numer-
ator d.f. =3, denominator d.f. =202, P < 0.00001)
(Fig. 2). For all different distributions of species in
the ‘training’ and validation sets tested, discrimination
was significant (all P-values < 0.00001). Classification
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Fig. 2 Results of the Discriminant Function Analysis (DFA) based on cone excitation for the five types of frugivores tested. Black lines
correspond to the ““training” DFA and grey lines to the validation DFA. Dotted lines represent primate-dispersed fruits and solid lines represent
bird-dispersed fruits. Primate-dispersed fruits tend to have negative scores on the linear discriminant function, which suggests that primate

fruits are greener than bird fruits, which have more of a blue hue.

Table 1

(a) Mean score on LDF 1 of bird- and primate-dispersed fruits for each group of frugivore for the ‘training’ and the validation

DFA’s. (b) Loadings of the quantum catch variables for primate and bird cone sensitivities for the ‘training’” DFA.

Humans Tufted capuchins Dichromatic tamarin UV-bird VS-bird
(@) Mean score on LDF
Primate fruits — ‘training’ —-0.675 —-0.631 —-0.604 —-0.666 —-0.690
Bird fruits — ‘training’ 0.773 0.723 0.692 0.763 0.790
Primate fruits — validation —-0.545 -0.423 -0.444 -0.579 -0.616
Bird fruits — validation 0.835 0.461 0.454 0.552 0.650
(b) Loading on LDF
Short (Blue light) 1.413 1.622 1.393 1.437 1.759
Medium (Green light) —2.686 —2.407 -2.015 —-1.861 —2.367
Long (Red light) 0.672 0.275 NA -0.116 0.039

DFA, Discriminant Function Analysis; LDF, Linear Discriminant Functions.

accuracy was fairly high for all vision systems tested,
ranging from 79% to 82% of 110 primate-dispersed
species classified correctly, and 68-75% of 96 bird-
dispersed fruits classified correctly. The lowest classifica-
tion accuracy corresponds to the dichromatic tamarin,
which is expected given that these primates have only
two cone types for discrimination. Primate-dispersed
fruits scored on average lower on the LDF than bird-
dispersed fruits in all analyses (Table 1a, Fig. 1). As the
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medium-wavelength variable (representing green light
that primarily stimulates the medium-wavelength cone)
was always highly negatively correlated with the LDF,
and the short-wavelength variable (representing blue
light) was always highly positively correlated with the
LDF (Table 1b, Fig. 2), lower LDF scores of primate-
dispersed compared to bird-dispersed fruits suggest that
primate fruits are perceived by all frugivore groups tested
as greener than bird-dispersed fruits, which tend to reflect
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more in the blue or purple part of the spectrum. The long
wavelength variable, representing red light, was much
less important in discriminating between bird- and
primate-dispersed fruits for all groups tested.

The validation DFA also showed significant discrimina-
tion between bird- and primate-dispersed fruits for both
bird cone sensitivities (VS-bird: Wilk’s A3 19, = 0.615,
P < 0.00001; UV-bird: Wilk’s 45, 195 = 0.638, P < 0.00001)
and all three primate cone sensitivities (humans:
Wilk’s 2 =0.6165 195, P < 0.00001; dichromatic tama-
rins: Wilk’s 4 =0.687,, 193, P < 0.00001; Tufted capuchins:
Wilk’s 42 = 0.6865, 195, P < 0.00001) (Fig. 2). Again, dis-
crimination was significant for all different distributions of
species in the ‘training’” and validation data sets (all
P-values < 0.00001). Classification accuracy was also
high, with 76-85% of 66 primate-dispersed species being
classified correctly (bird and monkey peak cone sensitiv-
ities, respectively), and 73-82% of 130 bird-dispersed
fruits classified correctly.

Also, the DFA performed on the subset of 77 fruits for
which UV reflectance was available showed the same
results reported earlier: birds (Wilk's 4, 7, = 0.792,
P <0.002) and primates (Wilk’'s /13 73 =0.837,
P < 0.005) were able to discriminate between bird- and
primate-dispersed fruits. This test was carried out using
only the peak cone sensitivities for the Blue Tit and for
humans, as the other peak cone sensitivities yielded
similar results in the analyses based on 402 plant species.
For birds, the short- and medium-wavelength variables
were highly correlated, albeit with different signs, with
the LDF, indicating that reflectance in the blue and green
parts of the spectrum was far more important than UV
and red reflectance for discrimination of fruits by birds
(Table 2). For primates, discrimination was mainly
attributed to reflectance in the medium part of the
spectrum in this subset of species.

Prediction no. 2 — conspicuousness of the fruits to
primates

Contrary to the predictions under the Signal Conver-
gence hypothesis, primate-dispersed fruits were less
conspicuous (i.e. contrast less against the foliage) to

Table 2 Loadings of the quantum catch variables for primate and
bird cone sensitivities for the ‘training” Discriminant Function
Analysis on fruit species for which UV reflectance was available.

Loading on LDF 1

Variable Primate vision Bird vision
UV (Ultraviolet light) NA 0.396
Short (Blue light) -0.874 —2.264
Medium (Green light) 2.486 2.603
Long (Red light) —-0.580 —-0.521

LDF, Linear Discriminant Functions.

primates than were bird-dispersed fruits (Mann—-Whitney
U=4,273, P<0.001, n=256). We are confident that
the difference in contrasts is attributed to differences in
fruit colour and not background colour, because we
found the same pattern when fruits were contrasted
against the mean reflectance of the background of all 256
species (Primates: Mann-Whitney U = 8584, P < 0.001,
n = 256).

Prediction no. 3 — phylogenetic control

For bird cone sensitivity, after correcting the P-values of
all the regressions run between Y and each of the X
variables using a sequential Bonferroni correction (Rice,
1989), we obtained no significant relationship of any of
the clades with the Y variable at the o = 0.01 level. At the
o = 0.05 level, only one clade was significant, which
corresponds to Guapira opposita and Neea floribunda
(Nyctaginaceae) plus Phytolacca americana (Phytolacca-
ceae) (hereafter, Clade I). At the « = 0.1, another two
clades were significant. The first one includes Couepia
guianensis and Licania latifolia (Chrysobalanaceae), Garci-
nia gardneriana and Tovomita umbellate (Clusiaceae),
Alchornea triplinerva, Glycydendron amazonicum, Neobouto-
nia macrocalyx, Omphalea diandra, Sapium sebiferum and
Drypetes variabilis (Euphorbiaceae), Bridelia micrantha and
Margaritaria nobilis (Phyllanthaceae), Passiflora crenata
(Passifloraceae), Leonia glycycarpa and Rinorea brachypetala
(Violaceae), (hereafter Clade II). The second one includes
all the species in the first clade named above, plus a sister
clade formed by Euonymus europaea (Celastraceae) and
Goupia glabra (Goupiaceae) (hereafter Clade II). For
primate cone sensitivity, only Clades II and III were
significant at the « = 0.05 and « = 0.1 levels. No clades
were significant at the « = 0.01 level.

For bird cone sensitivity, we compared seven different
models with all possible combinations of the three clades
that were significant at « = 0.1 to see which combination
explained best the score of plant species on the LDF
(dependent variable Y). To do this, we used a maximum
likelihood approach and selected the linear models based
on the deviance and Aikaike’s Information Criterion
(AIC) (Table 3). The best models were the ones that
included Clade I and either Clades II or III. Including all
three clades did not improve the model significantly
(4AIC < 2). Clades II and III are highly redundant,
because Clade II is completely nested within Clade III
(see species list earlier). Hence, we will only consider
hereafter Clade II, as adding the two extra species
included in Clade III does not improve the fit of the
model significantly (Table 3).

For primate cone sensitivity, we compared three
models including all combinations of the two clades that
were significant at the « = 0.05 and o = 0.1, following
the same procedure as for bird cone sensitivity (Table 3).
Models including either Clade II, Clade III or both were
not differentiable according to their AIC. This is, again,
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Table 3 Aikaike’s Information Criterion (AIC) table, comparing

all the possible models with Clades I, II and III to explain the
dependent variable Y, which represents the score of all plant species
on LDF 1. 4AIC represents the difference in AIC between each
model and the previous one.

Model Deviance AIC AAIC

Bird cone Y = Clade | + Clade Il 242.99 583.45 NA
sensitivity Y = Clade | + Clade lIl 243.47 583.82 0.36
Y = Clade | + Clade |l 242.67 585.21 1.39

+ Clade Il

Y = Clade | 258.82 593.13 7.92
Y = Clade Il 262.84 595.98 2.85
Y = Clade Il 263.24 596.26 0.28
Y = Clade Il + Clade Il 262.44 597.70 1.44

Primate cone Y = Clade Il 264.02 596.81 NA
sensitivity Y = Clade lll 264.14 596.89 0.08
Y = Clade Il + Clade IIl 262.44 598.41 1.52

LDF, Linear Discriminant Functions.

attributed to the great overlap between these two clades,
and we will hereafter consider only Clade II.

In summary, for bird cone sensitivity under a highly
conservative phylogenetic approach considering the
clades that were significant at « = 0.1, we see a slight
phylogenetic signal in two of the 96 clades that form the
phylogeny. These two clades include 17 of the 187
species in the phylogeny. If we take a phylogenetically
less conservative approach and consider only those clades
that are significant at the o = 0.05 or 0.01 level (which
would be statistically more conservative), we find that
only one clade with three species or none show any
influence in the discrimination between bird- and
primate-dispersed species, respectively. For primate cone
sensitivity, we find that only one clade of 17 species
influences the discrimination between bird- and primate-
dispersed species when considering clades significant at
o =0.05 and a = 0.1 levels.

The results from the EPCA are qualitatively similar, as
we show that phylogenetic signal does not seem to be
very important. Bird- and primate-dispersed fruits con-
verged to similar colours, both when analysed from the
primate and from the bird perspectives (Supporting
Information).

Discussion

Our results generally support the first prediction of the
Signal Convergence hypothesis, which states that frugi-
vores should be able to discriminate between the colour
of fruits dispersed by them and those of fruits dispersed
by other frugivores. Based on our vision models of three
different primates and two types of birds, we conclude
that these frugivores should be able to differentiate
between fruits typically dispersed by primates and those
dispersed by birds. This is important because fruit colour
is thus an informative trait that can be used by frugivores
to find and choose fruits.
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Fruits of many plants are consumed and dispersed by
both birds and primates. Disperser overlap does not
contradict the Signal Convergence, nor the Dispersal
Syndrome hypotheses, because neither implies exclusive
consumption by one frugivore type. If syndromes are an
evolutionary response to seed dispersers, they should
result from plants responding to the primary selective
pressure, in this case, the seed dispersers that most
improve their fitness, even though other less efficient
frugivores may still feed on the same plant. Even if the
relative fitness benefit conveyed from one seed disperser
type is small compared to that of other dispersers, it may
lead to the evolution of distinct phenotypic traits asso-
ciated with the best disperser (see Chittka et al., 2001 for
a similar argument on pollination). Thus, our result of
signal divergence in bird- and primate-dispersed species
holds even though - and not because — we classified
plants according to their primary disperser as either
primate- or bird-dispersed species. It would be interesting
to see where species dispersed by both birds and primates
score on the discriminant function. We would predict
that they would mostly fall in the area of overlap of bird-
and primate-dispersed fruits, as birds and primates
perceive them (Fig. 2). We could not test this in this
manuscript, because the data we used were from studies
that either focused on bird dispersal or on primate
dispersal. Hence, for the great majority of species, only
one type of disperser was recorded, and the very few data
on mixed dispersal are anecdotal and may yield biased
results.

Moreover, we tested only colour as a signal associated
with disperser type. Thus, although we believe colour is
one of the most important cues used by diurnal
frugivores to find fruits, we acknowledge that it is
certainly not the only one. The fact that the colour of,
for example, some bird-dispersed fruits falls well within
the range of a primate’s visual perception does not mean
that bird fruits are necessarily easy to find by primates, as
primates may need a combination of cues to find fruits,
such as colour, odour and texture (Dominy et al.,, 2001;
Dominy, 2004). If we could include other cues used by
these frugivores to find fruits in our model, we would
likely obtain sharper discrimination.

Our second prediction, that the fruits dispersed by a
frugivore should be more conspicuous to that frugivore
than fruits not dispersed by them, was not supported by
our data. Primate fruits are less conspicuous to primates
than bird fruits. We propose several alternative explana-
tions for this result dividing them into ‘adaptive’ and
‘nonadaptive’ explanations from the perspective of
plant—frugivore communication. The two adaptive expla-
nations are consistent with the Signal Convergence
hypothesis. First, it is possible that, whereas birds have
such well developed colour vision and may be primarily
visual foragers, primates rely to a larger extent on other
cues besides colour, such as odour, size and texture of
fruits to assess their edibility (Dominy, 2004; Laska et al.,
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2007). As such, there might be a stronger selective
pressure on fruit conspicuousness by birds than by
primates. If this is the case, we predict that bird-dispersed
fruits should be more conspicuous to birds than are
primate-dispersed fruits. And second, it is also possible
that limiting conspicuousness to chromatic contrasts is
simplistic. Sumner & Mollon (2000b) argue that, at equal
contrast between background and fruit colour, larger
fruits are more conspicuous to primates simply because of
their size. Consequently, large-fruited plants that are
typically dispersed by mammals may not be under as
strong selective pressure as small-fruited plants to max-
imize their conspicuousness. Under this hypothesis, we
predict an inverse relationship between the LDF score
and fruit size among primate-dispersed species, because
LDF is negatively associated with reflectance of green
light, which is less conspicuous against the foliage. This is
similar to what Sumner & Mollon (2000b) showed when
they correlated fruit size with reflectance at longer
wavelengths. However, their negative correlation can
also be explained by the effect of smaller, more visual
frugivores, such as birds feeding on smaller fruits,
as predicted by the Dispersal Syndrome hypothesis
(Lomascolo et al,, 2008), rather than the sole effect of
selection on conspicuousness by one type of frugivore
(Sumner & Mollon, 2000b). Whatever the ultimate
explanation for this correlation, we suggest that conspic-
uousness to frugivores should be measured as a function
of fruit size, in addition to the contrast against the
background.

The next explanations we discuss consider the roles of
colour that are independent of plant—frugivore commu-
nication such as defence against pathogens or seed
predators, as well as physiological or phylogenetic
constraints (Willson & Whelan, 1990). First, anthocya-
nins, the pigments responsible for conspicuous red and
black fruit colours, reduce fungal growth (Schaefer et al.,
2008b). The prevalence of red and black fruits (Wheel-
wright & Janson, 1985) may thus be, at least partly,
explained by the antimicrobial properties of these pig-
ments and may not be independent from the nutritional
value of fruit resources. For example, blue fruits that,
according to our results, indicate that bird dispersal is
associated with high sugar contents (Schaefer & Schmidt,
2004). If pigments are primarily selected for their
defensive function, colour signals should be considered
an exaptation (Gould & Vrba, 1982) instead of an
adaptation to endozoochory. And second, colour evolu-
tion may be limited by phylogenetic constraints. Fruit
traits may be highly conserved (Jordano, 1995), probably
attributed to the long generation time of plants in
comparison with seed dispersers (Herrera, 1985). How-
ever, our phylogenetic comparative analyses suggest that
similar colours among species dispersed by primates and
those dispersed by birds are mostly the result of conver-
gence rather than shared common ancestry. Even when
we used a highly conservative phylogenetic approach,

i.e. when we considered clades that seemed to be
marginally significant in determining the scores on the
LDF, we saw that at most two of 96 clades in the
phylogeny showed any phylogenetic signal at all, both
for bird and primate cone sensitivity. In other words,
97.9% ot the clades show no phylogenetic signal in the
colour perceived by birds or primates. This is consistent
with the evidence that fruit colouration seems to be
evolutionarily less constrained than fruit morphology
and nutritional contents (A. Valido et al. unpublished
manuscript). This is also supported by the apparent
convergence of fruit colours in the 81 primate-dispersed
and the 106 bird-dispersed fruits analysed with EPCA
(Supporting Information).

Although primates have sometimes been merged with
birds in a bird-primate syndrome because no differences
in colour were found between fruits dispersed by these
two groups of frugivores (Gautier-Hion ef al., 1985), we
show that, although primates and birds overlap in the
colour of the fruits they consume, primates disperse more
green fruits than do birds, and birds disperse more blue
fruits than do primates. These results match those of
earlier studies in fruit choice by frugivores (Janson, 1983;
Wheelwright & Janson, 1985). Yet, our discriminant
analysis is a conservative analysis, because restricting
colour vision to three cones in birds — owing to the
exclusion of UV — underestimates avian discrimination
abilities. However, even though reflectance in the UV
part of the spectrum has been shown to increase
detectability for birds (Altshuler, 2001; Schaefer et al.,
2006, 2007), our test of 77 plant species shows that UV
reflectance in fruit may not be reliably associated with
bird dispersal. This conjecture is consistent with exper-
imental evidence showing no discrimination among
fruits with or without UV-reflecting bloom (Willson &
Whelan, 1989).

Although we cannot be sure that our model exactly
represents how birds and primates perceive colour, as
colour vision entails much more than cone excitation,
our model still provides an objective approximation of
the basic input of colour vision by these frugivores.
This is the first study that addresses the Signal
Convergence hypothesis in a fruit-frugivore system,
using such an objective measure of colour and such a
large data set of reflectance spectra (the largest analy-
sed to date).

Colour is an important mediator in plant-animal
communication (this study, Johnson & Steiner, 2000;
Schaefer et al., 2004; Chittka & Raine, 2006), and we
believe that learning the signalling role of colour will
help understand how animals and plants affect each
other’s fitness and evolution. This can only be per-
formed by using different vision models that incorpo-
rate the receptive and cognitive processes of the
receivers, which adds much needed objectivity in the
assessment of how plants signal to animals (Schaefer
et al., 2004).
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