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Running Headline: Plants bet on fruit display conspicuousness

Summary

e In visually-driven seed dispersal mutualisms, natural selection should promote plant
strategies that maximize fruit visibility to dispersers. Plants might increase seed dispersal
profitability by increasing conspicuousness of fruit display, understood as a plant strategy to
maximize fruit detectability by seed dispersers.

e The role of different plant traits in fruit choice and consumption by seed dispersers has
been broadly studied. However, there is no clear evidence about the importance of the traits
that increase conspicuousness of fruit display. Because strategies to maximize
conspicuousness of fruit display are diverse, and usually are expected to be costly, we would
expect that individual plant species will produce an efficient combination of traits.

e We explored this prediction with 62 fleshy-fruited plant species of a subtropical Andean
forest (Southern Yungas), and using a large dataset of fruit consumption by birds (4,476
records). Conspicuousness of fruit display was characterized by both fruit and plant traits
including chromatic contrast, size, exposure, aggregation, and crop size of fruits. We also
considered phylogenetic effects on phenotypic variation.

e Fruit consumption was explained by fruit chromatic contrast depending on fruit crop size.
These traits revealed low phylogenetic effects, with the exception of four plant clades at

different levels in the phylogenetic tree. Negative correlations between pairs of traits support
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our assumption that fruit display traits are costly, suggesting natural selection favours
parsimonious evolutionary pathways.

¢ Plant species seem to rely on conspicuousness of fruit display by a combination of traits
that might minimize costs of fruit display. This appears adaptively relevant to improve
communication with mutualistic animals, to increase fruit consumption in a community
context and, ultimately, to enhance the profitability of seed dispersal.

Keywords: plant-animal communication, plant-animal interaction, seed dispersal mutualism,
signal amplification, subtropical Andean forests.

Introduction

One of the most frequently asked questions in plant-animal mutualisms is whether frugivores
select for conspicuous fruit displays. Yet, there are wide gaps in our knowledge on the main
strategies used by plant species to attract seed dispersers (Stournaras, Prum & Schaefer
2015). It is still poorly understood which traits make fruit display more conspicuous to
frugivores, and how those traits varied throughout the evolutionary history of fleshy-fruited
plants. The inter-specific variation in fruit traits is partially explained in the context of the
dispersal syndrome hypothesis, whereby non-random suites of phenotypic plant traits across
distantly related taxa have converged due to selection by particular groups of frugivores (van
der Pijl 1972; Lomascolo et al. 2010; Valido, Schaefer & Jordano 2011). Frugivores most
probably detect fruits based on a holistic perception of fruits and the whole fruiting plant, and
not due to specific fruit traits. Hence, we focus on the concept of conspicuousness of fruit
display, defined as a plant strategy resulting from the combination of traits at the fruit and
whole plant levels. This strategy is expected to maximize fruit detectability by seed
dispersers. How plants increase seed dispersal profitability by means of conspicuousness of
fruit display, and how these plant traits are phylogenetically related are pending questions in

the evolutionary ecology of seed dispersal.
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Among seed-dispersing animals, fruit-eating birds have been recognized as a key
group. Because fruit choice by birds relies on visual perception (Schaefer & Ruxton 2011),
conspicuousness of fruit display should be essential in plant-bird communication. Schmidt,
Schaefer & Winkler (2004) formally defined the contrast hypothesis, which says that
conspicuousness of the diaspore determines fruit choice, and predicts that diurnal dispersers
choose fruit colours based on their conspicuousness and not on colour itself. Nevertheless,
most studies have neglected the importance of trait combination to achieve conspicuousness
and increase fruit consumption.

A plant's main strategy should be to increase the magnitude of their signals to
communicate with vision-biased seed dispersers (Schaefer & Ruxton 2011). Therefore,
conspicuousness of fruit display might function as a signal amplifier. An increment in signal
resolution and power would modify signal detection and evaluation by recipients (Hasson
2000; Berglund & Rosengvist 2003; Harper 2006). Signal amplification may be achieved at
the level of the dispersal unit (i.e. the diaspore or fruit), at the level of the whole plant, or
both (Stournaras & Schaefer 2017). In a plant community context, where dispersal is often
limited (Ehrlen & Eriksson 2000) signal amplification is particularly important because the
most distinguishable signals will be easier to remember and recognize by seed dispersers
(Guilford & Dawkins 1991; Stournaras, Prum & Schaefer 2015).

At the individual fruit level, signals change at ripening. The change in colour and
contrast against its background as fruits ripen constitutes an important signal to attract seed
dispersers and/or deter antagonists (Sumner & Mollon 2000; Kelber, Vorobyev & Osorio
2003; Schaefer, Schaefer & VVorobyev 2007; Schaefer & Braun 2009; Burns 2015). In fact,
forest birds detect more readily fruits with a high chromatic contrast against their background
(Schmidt, Schaefer & Winkler 2004; Cazetta, Schaefer & Galetti 2009; Cazetta et al. 2012).

Also, signal amplification at the fruit level can be achieved by increasing its exposed surface
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via increased size (Valenta et al. 2015).

At the plant level, fruit display will depend on crop size, and on whether fruits are
solitary or grouped, scattered within the foliage or exposed (Denslow et al. 1986; Jordano
2000; Herrera 2002; McCall & Walck 2014). The number of fruits and their arrangement on
the plant enhance conspicuousness, influencing the ability of birds to detect them and their
foraging decisions. Fruit clumps are easily noticeable by birds improving foraging efficiency
in terms of decreasing search, travel time, and predation risk (Sallabanks 1993; Ortiz-Pulido,
Albores-Barajas & Diaz 2007; Palacio et al. 2017). In spite of knowing the role played by
different plant traits on fruit consumption (Howe & Estabrook 1977; Alcéantara et al. 1997;
Blendinger, Loiselle & Blake 2008; Palacio, Lacoretz & Ordano 2014, Blendinger et al.
2015), there is no strong evidence yet on how different combinations of traits affect
conspicuousness of fruit display.

The role of frugivores in the evolution of fruit display has been contentious, and the
debate has not yet ended (Jordano 1995a; Lomascolo et al. 2010; Harrison et al. 2012;
Stournaras & Schaefer 2017). Phylogenetic effects are important to explain present-day
phenotypic variation in fruit traits such as fruit and seed mass, colour and nutrient content
among fleshy-fruited plants (Jordano 1995a; Sérkinen et al. 2013). If conspicuousness of fruit
display favours seed dispersal by birds, we therefore should be able to see their effects in the
evolutionary history of traits that compose conspicuousness.

In this study, we expand the contrast hypothesis proposed by Schmidt, Schaefer &
Winkler (2004). We propose that fruit conspicuousness is enhanced at both the fruit and plant
levels. Also, phenotypic variation of traits that are relevant to conspicuousness of fruit
display could be affected by phylogenetic effects. Therefore, it is necessary to differentiate
the effects of common ancestry on phenotypic variation of traits. Since the production of the

fruit display is costly (Herrera 2009; Schaefer & Ruxton 2011), which probably constrains
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the expression of plant traits, we propose that conspicuousness should be magnified by
particular low-cost trait combinations. We tested the expanded contrast hypothesis using a
large dataset of fruits consumed by birds in a subtropical Andean forest ecosystem. Then, we
considered the following traits as mechanisms to amplify signalling of the fruit display:
chromatic contrast, size, exposure, aggregation, and crop size. Specifically, we (1)
characterized the inter-specific variation in fruit colour and chromatic contrast using avian
vision models (e.g., Endler & Mielke, 2005); (2) determined the relevance of the plant traits
by modelling which trait combination best explained fruit consumption by birds at the
community level; (3) explored the phylogenetic effects for the relevant traits identified in (2);
and, (4) assessed if trait combinations unveil underlying cost constrains by exploring the

relationships between the plant traits that define conspicuousness of fruit display.

Materials and methods

STUDY AREA

We conducted this study in the subtropical Andean forest known as Southern Yungas, which
grows on the eastern slope of the Andes from Bolivia to NW Argentina (Brown et al. 2001).
Our study area comprised localities at the southernmost region of the Southern Yungas
(between 26° and 27° S), characterized by a strong altitudinal gradient that includes the
following three forest types: Montane Forest (“Selva Montana”), which is subdivided into
Lower Montane Forest (“Selva Basal”; 700-1,000 m.a.s.l.) and Upper Montane Forest
(“Selva de Mirtaceas”, 1,000-1,500 m.a.s.1.); and Cloud Forest (“Bosque Montano”, 1,500 to
2,500 m.a.s.l.). The weather is subtropical with one dry (May to September, includes austral
winter) and one wet (November to March, includes austral summer) season. Average annual
rainfall varies between 1,300 and 1,500 mm across the mountain range and average annual

temperature is 19 °C (Minetti, Bobba & Herndndez 2005).

This article is protected by copyright. All rights reserved.



FRUIT DISPLAY TRAITS

We characterized the fruit display of 97 plant species (Appendix S1). We sampled ripe fruits
over the entire altitudinal and latitudinal gradients of the study area. Healthy ripe fruits were
collected in field trips during 2014 and 2015 to measure fruit colour. Fruit ripeness of all
species was determined on the basis of previous records about the condition in which fruits
were usually eaten by birds. Remaining traits were obtained from several information sources
(Giannini 1999; Ruggera, Alvarez & Blendinger 2011; Blendinger et al. 2012; Ruggera 2013;
Ruggera, Gomez & Blendinger 2014; Blendinger et al. 2015). Overall, our study assumes that
including samples from different sources does not affect the characterization of fruits at the
species level. We measured five display traits to characterize conspicuousness of fruit
display. Sample size of each display trait varied within species according to the specificities
of each trait and the availability of information, as follows:

(1) Fruit chromatic contrast was quantified after recording reflectance of the fruit and the
structure over which it was displayed (Appendix S2). Because the leaves of the same plant
are the structures closest to fruits, they often represent an acceptable estimation of the fruit
background (Camargo et al. 2014). In the case of our study, the background of the fruit was
composed by leaves. Whenever possible according to what was explained above, we
quantified the colour of five fruits and five leaves from each of four individuals from each
plant species (Appendix S1). Fruits collected in the field were put in sealed plastic bags and
stored in the fridge until colour was quantified in the laboratory no later than three days after
collection. Specifically, we scanned the exocarp of the fleshy reward of the diaspore and the
leaves collected close to the fruits. In order to consider fruit colour according to the visual
system of fruit consumers (Endler & Mielke 2005), we characterized fruit colour based on

birds’ visual system, which is classified as either violet-sensitive (VS) or ultraviolet-sensitive
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(UVS), according to the sensitivity peak of the pigment type that absorbs the shortest
wavelengths within the 300-700 nm wavelength range (Vorobyev & Osorio 1998). We
calculated the chromatic contrast or chromatic distance (AS) between fruits and leaves as
defined below. For both fruits and leaves, these measurements represented the reflectance
mean values of all the samples taken from a given plant species. The chromatic distance was
expressed in units of just noticeable differences (JNDs). We considered a discrimination
threshold of 4 JND, with < 4 JND indicating that animals cannot distinguish between the two
colours compared; and values > 4 JND indicating that animals are able to discriminate the
compared spectra (Schaefer, Schaefer & Vorobyev 2007; Stournaras, Prum & Schaefer 2015;
Appendix S2).

(2) Fruit size of each plant species, defined by fruit mass, was measured for each whole fresh
fruit with a digital scale to the nearest 0.1 mg (Denver Instrument APX-200, USA) for up to
20 fruits per species from different individuals (Appendix S1). All fruits of each species
collected in the field were stored in a common container and, once in the laboratory, we drew
fruits from this common pool. Only ripe and healthy fruits were measured.

(3) Fruit aggregation expresses the mean number of fruits found in relatively discrete and
distinguishable groups. Mean values were obtained by counting the number of fruits that
appeared in clumps from up to ten independent records per plant species, from photos taken
in the field and from direct observations at the study area. For species with insufficient
information, we consulted additional pictures and descriptions available in the literature, as
well as images available in reliable websites (Appendix S1).

(4) Fruit exposure refers to the disposition of the fruit (either solitary or clumped) with
respect to the branch that supports it and its contiguous foliage. We defined two broad
categories of fruit exposure: "unexposed" includes sessile fruits, without an elongated

pedicellum, and fruits that grew amongst the foliage; and "exposed™ fruits includes fruits
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supported by an elongated pedicellum, either hanging down from the branch (pendulous) or
erect, and terminal fruits disposed entirely away from the foliage.

(5) Fruit crop size was estimated as the mean number of ripe fruits per plant for each species,
estimated from an average of 5.5 plant individuals per species (up to 20 plant individuals per
species). Plants were randomly selected during field trips for fruit collection, encompassing
the entire fruiting season. In plants with numerous infructescences (e.g. Myrsine spp.,
Sambucus nigra, Phytolacca bogotensis, Urera spp.) we estimated the mean number of fruits
in up to 20 infructescences and multiplied by the number of infructescences on the plant. Due
to the large intra-specific variation in crop size to typify a plant species, we used the per-
species mean values over all individuals measured to classify fruit species into five
categories: 1 =1 to 10 fruits; 2 = 11 to 100; 3 = 101 to 1,000; 4 = 1,001 to 10,000; 5 > 10,000

(Blendinger et al. 2012).

FRUIT CONSUMPTION BY BIRDS

We compiled a database of 4,476 records of fruit consumption by 50 bird species in the study
area. These records were not all directly comparable to each other, as they were obtained
from different data sets collected with different sampling methods and sampling efforts.
Databases constitute systematic direct observations at a fruiting tree (Blendinger et al. 2012;
Ruggera 2013; Blendinger et al. 2015), opportunistic observations (Ruggera, Alvarez &
Blendinger 2011; Ruggera, Gomez & Blendinger 2014) and identification of seeds in faeces
collected from birds trapped in mist-nets (Giannini 1999; Ruggera 2013). Therefore, to make
records comparable, we processed the raw data by a multi-step process (modified from
Giannini & Kalko 2005). First, we grouped data from different sources in 18 datasets
according to the following attributes: geographical location defined by latitude and

membership to continuous mountain ranges, forest type, season and sampling technique
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(Appendix S3). Second, we calculated the proportion of each fruit species (p;) in the diet of
each bird species (b) per dataset (d), with pinq Values ranging from 0 (a fruit species not
consumed by the bird species) to 1 (the only fruit species consumed by the bird species in a
given dataset). This allowed us to incorporate into the fruit consumption estimation the fact
that consumption frequency of a fruiting species depends on the other fruits available in the
dataset. Finally, we obtained a single value of consumption of each fruit species (FC;) by the
community of fruit-eating birds in Southern Yungas forests, by the sum of all the p; values

recorded in the 18 datasets, using the following equation:

n=18 n
-y
d=1 b=1

Therefore, our estimation of fruit consumption (FC;) is a relative frequency of fruit
consumption for each plant species by the community of fruit-eating birds of the Southern
Yungas. The combination of relative frequencies recorded at different local communities
gave a regional perspective of the importance of each fruit species to the community of fruit-
eating birds as a whole. The final dataset, with complete information for all traits of the fruit

display, resulted in 62 plant species.

DATA ANALYSIS

In order to characterize the inter-specific variation in fruit colour and chromatic contrast
using avian vision models we first included all 97 plant species for which we had fruit colour
data. The tetrahedral colour space and colourspan were obtained from bird visual models ran
with the package pavo (Maia et al. 2013) for R (R Development Core Team 2016) using the
vismodel, and tcs functions. To estimate the chromatic contrast (AS) we used the function
coldist for each plant species in the dataset (Appendix S2). For the second goal of the study,

to determine the importance of the different traits related to fruit conspicuousness on fruit
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consumption by birds, we used a general lineal model (GLM) procedure. Fruit consumption
was the response variable while traits denoting fruit conspicuousness (chromatic contrast
between fruit and foliage, crop size, fruit size, fruit exposure and fruit aggregation) were
considered as predictor variables. The model was based on a dataset that compiled 62 plant
species for which we had data on consumption by birds and on fruit characteristics (Appendix
S1 and Appendix S3). The response variable (fruit consumption) was log-transformed to
warrant an error distribution that complied with normality assumptions (inspection of
relationships with predicted values and deviance residuals, Cook’s distance, and Shapiro-
Wilk test; W = 0.979, P = 0.38). Explanatory variables were standardised as the observed
value minus their mean, divided by two times their standard deviation, according to Gelman
& Hill (2007). The initial model considered all the simple explanatory variables and all their
first order interactions. We selected the best model by using a stepwise procedure (function
steps in R) using a Gaussian error structure. The algorithm estimates the AIC for all the
possible models (models with all the interactions, with double interactions, with simple
effects and with no effects) and selects the model with the lowest AIC (Venables & Ripley
2002) (Appendix S4). The result of this procedure is expected to reveal the trait, or
combination of traits, that best explains fruit consumption and therefore may be adaptively
relevant.

Third, we estimated phylogenetic effects on fruit traits revealed as determinant for
fruit consumption by the GLM procedure explained above, using Canonical Phylogenetic
Ordination (CPO), a phylogenetic comparative method derived from linear regression models
(Giannini 2003). This analysis was done because plant taxa may have variable degrees of
statistical dependence due to common ancestry or phylogenetic inertia (Blomberg & Garland
2002; Giannini 2003). We used a main matrix including plant species and their data on

relevant fruit traits, and an external phylogenetic matrix composed of the nested set of clades
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of the taxa included in the main matrix (Giannini 2003). Clades’ significance was
individually assessed using 9,999 unrestricted Monte Carlo permutations testing at P < 0.01.
A forward stepwise selection of clades from the tree matrix was then performed to obtain a
reduced tree matrix that maximally explained the variation in the main matrix without
redundancy (Giannini 2003). We constructed the meta-tree of plants from trees stored in
Phylomatic (Webb & Donoghue 2005) and R package taxize (Chamberlain & Szdcs 2013),
and additional sources for unresolved relationships (Appendix S5). Canonical Phylogenetic
Ordination was performed using CANOCO 4.5 (ter Braak & Smilauer 2002).

Finally, we assessed the relationship among all fruit traits determining
conspicuousness of fruit display (Appendix S1) with Pearson’s product-moment correlations
for the continuous variables (fruit chromatic contrast, crop size, fruit size and fruit
aggregation), and with a Kruskal-Wallis test for the binary variable of fruit exposure. To
avoid potential problems of lack of independence between species (our data points) due to
common ancestry, we randomly chose one species from each of the clades that showed some
phylogenetic effects in CPO, combined them with all the other species in our data set, and ran
the analysis. We repeated this 1000 times choosing each time a random combination of
species from the clades showing phylogenetic effects. We recorded the value of the
corresponding statistical estimator in each run and saved them in a vector. We then calculated
a confidence interval (CI) for all the statistics to see whether they contained zero. Because the
distribution of our test statistics was not normal, a regular CI would not accurately describe
the range of data that we needed. Therefore, we calculated a bootstrap Cl. This was done by
withdrawing 1,000 data points with replacement 1,000 times, and then identifying the 0.025
and the 0.975 quantiles of that distribution. In the same way, the p-value was calculated as
twice the minimum proportion of the target statistic that resulted below or above zero

(Appendix S6). Except when indicated otherwise, all analyses were runin R 3.2.4 (R
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Development Core Team 2016).

Results

FRUIT COLOUR SPACE AND INTER-SPECIFIC VARIATION IN FRUIT CHROMATIC
CONTRAST

There was a distinctive pattern of fruit colour among the 97 plant species surveyed (Appendix
S1). The volume of the colourspan was 0.0263, with most plant species occupying the long-
wave and short-wave spaces of the tetrahedron (Figure 1). Fruit chromatic contrast showed
great variation (range = 3.39 — 107.46, mean = 17.77, SD = 16.96). Almost all fruit species
had contrast values distinguishable by birds (only three species showed < 4 JND; Appendix

s1).

FRUIT CONSUMPTION BY BIRDS AND PLANT CONSPICUOUSNESS STRATEGIES
The variables that best explained fruit consumption were crop size and fruit chromatic
contrast (Table 1). The interaction between crop size and fruit chromatic contrast was
marginally significant and both variables were selected in the final model. Fruit consumption
increased for larger crop size, but only when associated to higher fruit chromatic contrast

(Table 1, Figure 2).

PHYLOGENETIC EFFECTS

Four clades were significant at P < 0.01 (Table 2) in a tree matrix according to the CPO
analysis (Table 2). On one hand, phylogenetic effects for crop size were found in three
clades, and explained 42.8 % of variation in this trait (F = 7.083; P = 0.0095; Table 2). The
model successively incorporated, (1) a clade that included the families Rubiaceae,

Boraginaceae, Verbenaceae and Solanaceae, hereafter Asterid I; (2) a clade that included
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three species of the genus Urera, hereafter Urticaceae; and (3) a clade that included three
species of the genus Rhipsalis, hereafter Cactaceae (respectively, clades number 83, 107 and
76 in Figure 3). The Urticaceae and Cactaceae clades showed smaller mean crop size values
(0.4 and 0.8, respectively) (Appendix S1) than the overall mean (1.4), while the Salicaceae
clade showed a larger mean crop size value (2.7) than the overall mean (clade 102 in Figure
3, including genera Xylosma and Prockia). On the other hand, the Sapindaceae clade (number
120 in Figure 3, including genera Cupania and Allophylus) explained 27.1 % of variation in
fruit chromatic contrast (F = 15.896; P = 0.0032; Table 2). The mean value of fruit chromatic
contrast in the Sapindaceae clade (31.7) was higher than the overall mean (12.4) (Appendix

S1).

RELATIONSHIPS BETWEEN FRUIT DISPLAY TRAITS

All traits were significantly correlated when compared pairwise (Table 3). At the fruit unit
level, fruit chromatic contrast increased with fruit size. Fruit size was negatively associated to
fruit aggregation and crop size. Species with exposed fruits showed larger fruit size than
unexposed ones. Fruit aggregation was positively related to crop size, and the more exposed
fruits were more aggregated. Finally, exposed fruits were associated to smaller crop size

(Table 3).

Discussion

Fleshy-fruited plants seem to enhance conspicuousness by specific trait combinations, which
serve as a strategy to increase fruit consumption. Our test showed that high chromatic
contrast combined with large crop size induces higher consumption in comparison to plant
species with high contrast and low crop size. So, there seems to be a combination of traits

that increases consumption. Our study also showed that there were weak phylogenetic effects

This article is protected by copyright. All rights reserved.



on fruit display traits. These results reinforce the premise that frugivore-mediated selection
shapes fruit display traits. In addition, the potential trade-offs unveiled by significant and
negative relationships between fruit display traits suggest that natural selection promotes low-
cost strategies in plant communities.

Wheelwright (1985) proposed that frugivore-mediated selection promoted inter-
specific variation in fruit colour and increased fruit conspicuousness. After him, Schmidt,
Schaefer & Winkler (2004) formalised the contrast hypothesis. Both views were centred on
the individual fruit unit. Here, we found that the combination between high fruit chromatic
contrast and large crop size increases consumption, probably due to the amplification of the
signal to frugivores with vision-biased perception. Almost all fruits studied here are
conspicuous (JND higher than birds’ visual threshold) at the level of the dispersal unit.
Therefore, once a fruit becomes ripe and turns a certain colour, with a resulting chromatic
contrast against its background, traits at the plant level gain adaptive relevance.

Our results highlight two main premises for further testing. Firstly, visually-driven
frugivores initially exert selection on crop size, assuming that this is the first variable
detected by birds. Secondly, fruit consumption depends on the interaction between two traits,
one at the fruit level and one at the plant level. It is known that the evolution of complex
displays involves one or two modes of signal perception (Rowe 1999, Hebets & Papaj 2005).
In seed dispersal mutualisms that involve frugivorous birds, fruit display signals involve traits
at fruit and plant levels, both of which fall within a unique sensorial mode, the visual
perception. A further line of research might improve our knowledge about interaction
between plants and frugivorous birds asking for the inter-specific variation in the use of plant
signals and/or cues by birds when they choose fruits for consumption (see Corlett 2011).
Plants that invest in conspicuousness might allow the production of reliable information,

increasing signal recognition (Cazetta et al. 2012). The association between crop size and
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fruit chromatic contrast could have evolved to intensify conspicuousness by a signal
amplification process. Similar hypotheses were considered in the study of sexual displays
(Zuk et al. 1992), animal contests (Deag & Scott 1999) signal advertising (Marples et al.
1994), or signal reliability (Harper 2006), but were not considered so far for seed dispersal
mutualisms.

Schaefer & Schmidt (2004) indicated that fleshy-fruited plants might produce signals
that increase fruit consumption at a low production cost, which are sufficiently detectable by
frugivores (i.e., over a minimal perceptual threshold in the context of the foliage). They also
suggested that signals that improve detectability are more effective and have a lower cost
than signals indicating quality. Following these premises, natural selection will favour a low-
cost trait combination. In our study, when chromatic contrast was high, fruit consumption
increased in species with larger crop sizes. However, when chromatic contrast was low, crop
size was irrelevant to explain consumption. This might be interpreted as an outcome of
constraints due to production cost. It has been argued that plants produce an excessive
number of fruits and usually, at the end of the season, they still bear abundant unconsumed
fruits, and therefore, incur in a waste of energy and nutrients (Jordano 1995a). This apparent
fruit waste may be compensated if plants with larger crop size experience greater fruit
consumption, which increases seed dispersal effectiveness in comparison to plants with
smaller crops (Blendinger, Loiselle & Blake 2008; Blendinger et al. 2015, 2016). In addition,
the negative correlation between fruit and crop size and the positive relationship between
fruit size and exposure found in our study, suggest that investing on conspicuousness is
costly. Moreover, the significant relationship that we found among chromatic contrast,
arrangement of fruits, and fruit size suggest that fruit display is costly. All these
interpretations are research lines that demand more attention.

For a given species, chromatic contrast may be a fixed trait upon which natural
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selection acted in the past. This may be a common scenario, given that intra-specific variation
in fruit colour is often negligible compared to inter-specific colour variation. The underlying
causes of trait fixation may be related to nutrient recognition (Janzen 1983; Blendinger et al.
2015, 2016), phylogenetic constraints (Jordano 1995b), natural selection driven by seed
dispersers (Loméscolo, Speranza & Kimball 2008), phenotypic integration of traits
constituting a dispersal unit (Valido, Schaefer & Jordano 2011), deterrence of antagonists
(Lev-Yadun, Ne’eman & Izhaki 2009) or protection from solar radiation (Burns 2015). Our
results seem to mirror a process where the amplitude of the signal becomes relevant to
enhance fitness. In our study, only four out of 57 clades had strong phylogenetic effects on
crop size and fruit chromatic contrast. These two traits showed weak phylogenetic effects
across the rest of the tree, which might mean that their evolution is potentially driven by
natural selection. Nevertheless, two points indicate that our analysis could have been affected
by taxonomic biases, and phylogenetic effects might be more important than revealed by our
study. First, we detected phylogenetic effects in clades including two highly diverse families,
Rubiaceae and Solanaceae (Davis et al. 2009; Weese & Bohs 2007). The evolution of these
large lineages of plants is complex. For example, in Rubiaceae, fleshy fruits evolved 12 times
independently (Bremer et al. 1995) whereas in Solanaceae, they evolved three times (Knapp
2002). In the Neotropics, both families are highly diverse and are common shrubs and treelets
in lowland humid forests (Olmstead 2013, ter Steege et al. 2013). Second, some lineages that
showed non-significant phylogenetic effects (e.g., the clade including the genera Rhipsalis,
Chamissoa and Muehlenbeckia) have poor representation in the Yungas forests. Therefore,
further assessment of phylogenetic effects in conspicuousness of fruit display could be better
understood in a broader taxonomic context. At the scale of our study, our interpretation is that
crop size and chromatic contrast are adaptively interdependent traits as we did not find

phylogenetic effects for both traits in the same clade. Given the developmental constraint
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exerted by flowering evolution, crop size could have evolved earlier, further constraining the
evolution of fruit chromatic contrast and conspicuousness of fruit display.

Overall, our study suggests that plants may communicate profitably with frugivores
by means of signal amplification based on a combination of fruit display traits. Here, we
promote a more integrative view of fruit display. Specifically, conspicuousness of the fruit
display may be the main strategy that drives communication between fleshy-fruited plants
and frugivores (Stournaras & Schaefer 2017). In some specific clades, conspicuousness traits
may also be driven by phylogenetic effects. Whether our findings apply to other seed-
dispersal mutualisms and whether qualitative effectiveness of seed dispersal (sensu Schupp,
Jordano & Gomez 2010) is increased via enhanced conspicuousness and their relationship
with fruit display quality (i.e., nutrients), are still pending questions in the evolutionary

ecology of seed dispersal.
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Table 1. Estimated coefficients and their standard error (SE) for the selected model after a

stepwise procedure applied by means of a general lineal model, where fruit consumption was

the response variable, and fruit chromatic contrast, fruit size, crop size, fruit exposure and

fruit aggregation were the predictor variables. See Methods and Appendix S4 for details.

Parameters Estimate (SE) t P
Intercept 2.7445 (0.2987) 9.188 < 0.00001
Fruit chromatic contrast (FCC)  -0.0434 (0.0213) -2.034 0.0465
Fruit crop size (FCS) -0.0569 (0.1964) -0.290 0.7732
FCC x FCS 0.0290 (0.0149) 1.943 0.0569
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Table 2. Results of the Canonical Phylogenetic Ordination for 62 plant species. The two plant
traits that resulted significant in the general lineal model were considered significant for each
clade at P < 0.01 (bold); F, statistic value of permutations test; V%, percent of explained
variation. The clades are numbered as in Figure 3. The clades denoted with an asterisk were
not included in the forward stepwise selection process (P > 0.01). The total variation
explained by the final model (after forward stepwise selection) was 42.8 % for crop size and

27.1% for fruit chromatic contrast.

Test Trait Clade F P V%

Individual Fruit crop size 83 10.082 0.0015 18.9
107 8.895 0.0079 17.0
85 7.045 0.0149 13.8
87 6.614 0.0161 13.0
99 5.211 0.0336 10.5
82 4.765 0.0333 10.4
98 4.691 0.0404 9.6
106 4.567 0.0446 9.3
76 4.245 0.0761 8.7

95 4.245 0.0647 8.7

Fruit chromatic contrast 120 15.896 0.0032 27.1
119 6.111 0.0234 11.9
80 5.696 0.0250 11.3
79 2.856 0.0833 5.8
99 1.709 0.2061 3.6

110 1.608 0.2170 3.4
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98

116

70

74

1.537

1.396

1.098

0.952

0.2221 3.2

0.2355 3.0

0.3027 2.3

03290 2.1

Forward stepwise Fruit crop size 83, 107
83, 107,
76

75*

7.654

7.083

4.743

0.0056 31.8

0.0095 42.8

0.0532

Fruit chromatic contrast 120

80*

15.896

8.380

0.0032 27.1

0.0240
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Table 3. Correlation and Kruskal-Wallis tests performed on fruit display traits of 62 plant

species of the Southern Yungas. LCI: lower confidence interval, UCI: upper confidence

interval, P: p-value according to bootstrapping (see Methods and Appendix S5 for details).

Correlation tests

fruit size fruit aggregation fruit crop size
fruit chromatic contrast 0.134 -0.175 -0.133
LCI 0.133 -0.176 -0.136
UCI 0.135 -0.174 -0.130
P 0.002 <0.001 <0.001
fruit size -0.143 -0.288
LCI -0.144 -0.289
UCI -0.143 -0.287
P <0.001 <0.001
fruit aggregation 0.419
LCI 0.417
UCI 0.422
P <0.001
Kruskal-Wallis tests
fruit chromatic fruit fruit fruit crop
contrast size  aggregation size
fruit exposure 0.107 7.420 1.225 1.718
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LCI 0.103 7.380 1.214 1.688

UCI 0.112 7.461 1.236 1.754

P <0.001 <0.001 <0.001 <0.001
conclusion for plants with higher fruit chromatic  larger higher smaller
exposed fruits contrast size  aggregation  crop size
exposed mean 13.40 0.94 42.41 3.27
exposed SD 8.10 1.85 94.31 0.86
unexposed mean 12.56 0.23 7.80 3.46
unexposed SD 6.53 0.30 12.27 0.88

Figure legends

Figure 1. Fruit colour variation in the avian sensory colour space of 97 plant species in a
subtropical Andean montane forest of NW Argentina. Each point represents the fruit colour
average of one plant species. Location of each point is determined by the relative stimulation
of each of the four types of cones: uv, s, m, and I. Cone excitation is maximized at the

respective vertex of the tetrahedron.

Figure 2. Relationship between fruit consumption and fruit crop size for different values of
fruit chromatic contrast. Relationship for low fruit chromatic contrast in blue (= 3), for
intermediate in green (= 12) and high fruit chromatic contrast in red (= 36). Fruit
consumption is increased only when higher fruit chromatic contrast is associated to larger
crop size (right side of red line). On the contrary, when fruit chromatic contrast is high but
crop size is small, fruit consumption is low (left side). On the other hand, low fruit chromatic

contrast does not promote greater fruit consumption in spite of a larger crop size (blue line).
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Figure 3. Composite cladogram of plants representing phylogenetic relationships between
plants of the Southern Yungas evaluated in our study. Groups used in the Canonical
Phylogenetic Ordination (CPO) analysis are noted on the tree as nodes 63 to 120. The
coloured branches of the tree represent those clades that resulted significant (see Methods and

Table 2 for details).
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Podocarpus parlatorei

66— Piper tucumanum
65|_E Piper hieronymi
| I

63 Cinnamomum porphyrium
68— Smilax campestris
L Aechmea distichantha
64 Bocconia integrifolia
72— Phoradendrom falsifroms
- Phoradendrom tucumanense
77 — Rhipsalis lumbricoides
67 76 Rhipsalis floccosa
| 75 Rhipsalis lorentzianum
ﬂ 74 Chamissoa altissima
Muehlenbeckia tamnifolia
81— Myrsine coriacea
&'_E Myrsine laetevirens
69 73 79 Chrysophyllum marginatum
Styrax subargenteus
84— Psychotria carthagenensis
L Hoffmannia australis
86— Tournefortia lilloi
78 83 Y Duranta serratifolia
89 Salpichroa origanifolia
_@ Vassobia breviflora
85 88 Eriolarynx lorentzii
92 Solanum riparium
91 Solanum pseudocapsicum
ﬂ 82 8 94— Solanum aloysiifolium
L 93 Solanum americanum
Solanum aligerum
9 5|_ Cestrum strigilatum
L Cestrum lorentzianum
Cestrum kunthii
926 llex argentina
Lgl’[ Sambucus nigra
Aralia soratensis
Cissus striata
102~ Xylosma pubescens
101 Prockia crucis
Passiflora urnaefolia
105 Rubus imperialis
100 Prunus tucumanensis
| 98 104 107| Urera altissima
Urera caracasana
106 Urera baccifera
103 108 Trema micrantha
109 Celtis chichape
Celtis iguanaea
99 Cayaponia citrullifolia
Fuchsia boliviana
111 Miconia ioneura
Blepharocalyx salicifolius
112 114 ————————— Myrrhinium atropurpureum
118 Myrcianthes pungens
15 117 I: Myrcianthes pseudomato
110 113 116[ f—— Myrcianthes mato
L——— Myrcianthes callicoma
@ Crop size Eugenia uniflora
Amomyrtella gliili
@ Chromatic contrast 11 Zanthoxylum coco

9
|120[ Cupania vernalis
Allophylus edulis
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