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Abstract 

A common way for plants to disperse is through producing colourful fruits which are dispersed by 

an animal vector. Plants produce fruits with colours that are conspicuous to animals based on their 

colour vision type. These groups of animals with different vision types have differential fruit 

preferences based on fruit colour. Birds have high mobility compared to most other animals. Plants 

with fruit colours that appeal to birds may therefore have an increased capacity for dispersal. 

Unhindered by geographic barriers, bird-dispersed palms may be more likely to achieve a greater 

range size. As a result, they would be subject to isolation by distance, which may, given certain 

conditions, facilitate speciation. Here, we test whether palms (Arecaceae) with fruit colours 

detected and dispersed by birds have higher speciation and net diversification rates than other palms 

using Multi-State Speciation and Extinction (MuSSE) models, and whether palms with these fruit 

colours typically have larger range size. We also test speciation and net diversification rates for 

small ranged and large ranged palms independently of the effect of fruit colour. We find that palms 

with yellow fruit colour have the highest diversification rate and more large-ranged species. We 

also find that primarily bird-dispersed fruit colours result in higher diversification rate than 

dichromat-dispersed fruit colours, but fewer large-ranged species. MuSSE models for range size 

alone show that small ranged species have higher speciation and net diversification. Our study 

highlights how a fruit trait such as fruit colour can impact diversification. It also shows how fruit 

colour affects range size, which is likely an effect of frugivore dispersers. This study gives insight 

into factors that impact the rate of speciation and determinants of range size, both of which are 

fundamental metrics of biodiversity. Understanding causes of biodiversity is an important area of 

study in evolutionary biology. 

Keywords: dispersal, fruit, biogeography, diversification, arecaceae 

 

Sammanfattning 

Ett vanligt sätt att sprida sina frön för växter är genom att attrahera djur med frukt. Fröna inuti 

frukten äts och fröna bärs i djurens tarmkanal. Djuren förflyttar sig och ’planterar’ fröna i sin 

avföring. Fåglar ser färger annorlunda än de flesta andra ryggradsdjur och har därför olika 

preferenser för frukt. Detta baserat på frukternas färg och kontrast med gröna löv. Fåglar har också 

bättre rörlighet än de flesta andra ryggradsdjur. Växter med fruktfärger som sprids av fåglar har 

därför bättre kapacitet för spridning. Denna bättre kapacitet för spridning borde leda till större 

geografisk utbredning för fågel-spridna växter. Vi testade om palmer med fågelspridna fruktfärger 

har snabbare artbildning och diversifiering än fruktfärger spridna av andra djur. Detta gjordes med 

”Multi-State Speciation and Extinction” (MuSSE) modeller. Vi testade också om dessa palmer har 

fler arter med större utbredning. Resultaten visar att palmer med gul fruktfärg har snabbare 

artbildning och diversifiering och har fler arter med stor utbredning. Fågelspridna palmer har 

snabbare artbildning men färre arter med stor utbredning. MuSSE modeller som visar 

artbildningstakt för palmer baserat på om de har små utbredningar samt stora utbredningar visar att 

palmer med liten utbredning har snabbare artbildningstakt. Våran studie visar hur artbildning 

fruktegenskap så som färg kan påverka artbildning. Studien visar också hur palmers utbredning 

påverkas av deras fruktfärg, men på vilket sätt är oklart. Våran studie visar faktorer som leder till 

snabbare artbildning och som resultat högre mångfald inom vissa växttaxoner. Att förstå 

underliggande faktorer för hur biologisk mångfald skapas är en viktig del inom evolutionär biologi. 

Nyckelord: spridning, frukt, biogeografi, diversifiering, arecaceae 

 

Introduction 

Background 

Plants are sessile organisms and therefore depend on external abiotic and/or biotic factors to 

disperse their seeds. Seed dispersal usually occurs at a significant distance from the parent plant to 
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reduce inbreeding (Turner 1982) and competition between closely related individuals (Cheplick 

1993). Abiotic vectors for dispersal include wind, where some plants form seeds that develop wing-

like structures that allow seeds to be carried by the wind. For many other plants, biotic factors are 

used. In this latter case, seed structures are often developed to, for example, latch onto animal furs, 

or in some plants fruits are developed around the seeds. Fruits entice and reward frugivorous 

animals to ingest the seeds with the nutritious fruit. Frugivores will then likely move some distance 

from the parent plant before depositing the seeds through defecation, essentially planting the seeds. 

This process of dispersal is called endozoochory and is the focus of this study.  

  

Frugivores affect plant morphology evolution by their selection of fruits to consume (Duan et al. 

2014). Those fruits that do not get selected are less likely to pass their morphology genes to the 

next generation. Plants with fruits that do get selected by frugivores are more likely to proliferate 

(Fleming & Sosa 1994) and will establish the subsequent generation. Further evidence that supports 

the importance of frugivores in influencing fruit morphology is convergent evolution. In 

phylogenetically distant plant clades, similar character states are observed between clades with 

similar dispersers (Lomáscolo et al. 2010), indicating that frugivore selection is behind the fruit 

morphology variation. Furthermore, there is high conservation of fruit traits (Jordano 1995). This 

can be explained by long generation time of certain plants compared to associated dispersers 

(Herrera 1985) better than by influence from other potential factors that may affect fruit trait 

evolution. 

 

The most important fruit morphology trait that influences frugivore selection is colour. This is 

because colour affects how conspicuous the fruit appears to different frugivores. Some colours 

contrast better against a background of green vegetation and will therefore increase chance of 

consumption and thereby dispersal (Nevo et al. 2018; Melo et al. 2011; Onstein et al. 2020). 

However, different frugivores have different colour vision types. With differing colour-vision 

phenotypes among frugivores it follows that certain fruits should be more commonly consumed by 

different frugivores based on the fruit’s colour.  

 

Vertebrates are the most significant group of frugivore dispersers (Lomascolo 2010). There are 

three major vision types present in the vertebrate taxon (Pike 2012). Tetrachromats are able to 

distinguish between red and green as well as detect reflecting ultraviolet light. Trichromats can 

distinguish between red and green but do not see ultraviolet light. Dichromats cannot distinguish 

between red and green or see ultraviolet light. Exactly how colour is perceived seems to vary 

dramatically among animals (Jacobs 1993), but these broad vision groups are distinct and important 

for how vertebrates detect fruit colour.  

 

Red-coloured fruits are conspicuous to both birds, which have tetrachromatic vision, and the few 

mammals with trichromatic vision. Trichromatic mammals are old-world apes and monkeys 

(Jacobs 1993), new world howler monkeys and a few other monkey lineages where females only 

have trichromatic vision (Regan et al. 2001). Tetra- and trichromatic vision allow for the detection 

of the high contrast between red fruits and a green background leading to more consumption of red 

fruits for animals with this vision type (Schmidt et al. 2004). Trichromats are a comparatively small 

group of species, so here we focus mainly on tetrachromats as the main consumers of red fruit. 

Birds show no innate preference in either laboratory or wild experiments for red fruit, but rather it 

is the contrast of the fruit colour against its background that underly this fruit preference (Melo et 

al. 2011).  

 

Besides red, birds are also attracted to black fruits and intermediates between red and black: purple 

fruits. Certain black fruits are ultraviolet-reflecting and are also conspicuous to birds. Evidence 

suggests that the high levels of anthocyanin in black fruits signal the high antioxidizing capabilities 
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of these fruits to birds (Schaefer 2008). Selecting fruits with high antioxidizing metabolites confers 

survival benefits, specifically benefitting fertility and fecundity, growth, immunocompetence, 

ageing and senescence, as well as sexual signal development (Catoni et al. 2008). Furthermore, 

these dark fruits also signal high caloric value (Schaefer et al. 2014), and the black colour in fruits 

is a sign of maturity and therefore a guarantee for fruit quality (Steyn 2008). High levels of 

anthocyanins confer benefits to the fruits as well, offering robust protection against solar radiation 

(Steyn 2008), an essential trait at high elevation or near the equator. While black and red fruits are 

most frequently bird dispersed, birds may also consume fruits of other colours to a lesser degree 

(Willson & O’Dowd 1989). 

 

Essentially all vertebrates excluding only birds and those primates that are trichromatic are 

dichromatic. Dichromatic animals often feed on fruits that are green, brown, yellow, or orange 

coloured and often also consume hard-husked, fibrous fruits (Janson 1983). To summarise 

vertebrate preference for fruit colours: the fruits consumed mostly by birds are red, purple, and 

black, and those consumed mostly by dichromats are green, brown, yellow, and orange. White and 

blue fruits may be consumed at low levels by both groups. Plants will as a result be more likely 

dispersed by either tetra- or dichromats depending on their fruit colour, and as a result their 

dispersal pattern is determined by the disperser group the plants attract. 

 

Spatial patterns of species abundance are shaped by frugivores, especially those capable of long-

distance dispersal (Hovestadt et al. 1999). Given the different preference of fruit based on colour 

by birds and dichromats, plant dispersal may be affected based on their activity levels and mobility. 

Dichromats are generally more sedentary, whereas birds are highly mobile. Plants with red or black 

fruits, the two most commonly consumed fruits by birds (Janson 1983; Wheelwright & Janson 

1985; Schaefer et al. 2007), should therefore over time disperse further, potentially crossing some 

geographic barriers, thereby achieving a larger range size than species with fruits less attractive to 

birds. With a larger range size, the chance of isolation by distance increases (Wright 1943; Hoelzer 

et al. 2008). Isolation by distance occurs between the two extremes of a continuous distribution 

when gene flow is low. It may lead to reproductive isolation, which may in turn lead to speciation. 

There is also the potential of ecological factors leading to reproductive isolation due to larger range 

size. An example of this is differing microbial soil communities in different areas leading to 

differing flowering periods in plants (Wagner et al. 2014). 

 

Whether large range size by itself facilitates higher speciation rate is contentious. Good dispersal 

capability is likely to be coupled with high gene flow. Reaching low enough levels of gene flow 

required for speciation to occur may be less likely given good dispersal (Gaston 1998). Models for 

speciation through isolation by distance are dependent on parameters such as mutation rates and 

population size and distribution within a range. By suggesting that increased range size leads to 

higher speciation rate, here we are generalising that speciation is more likely to occur with larger 

range size given certain conditions (Baptestini et al. 2013; De Aguiar et al. 2009). 

 

Hypothesis 

Thus far we have established that red, black, and purple fruit colours are preferred by bird 

dispersers. Because of the high mobility of birds and their capacity to cross geographic barriers, 

plants with bird dispersers may have larger range size. Larger range size may facilitate reproductive 

isolation and thereby speciation. Based on this, we hypothesise that primarily bird-dispersed plants 

with red, purple, and black fruits will have a higher speciation rate and more large-ranged species 

than plants with other, dichromat-dispersed, colours.  
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Figure 1. Illustration of the hypothesis of this study. The fruit colours most associated with birds 

and dichromats are hypothesised to lead to a greater range size. We further hypothesise that the 

increased range will lead to higher speciation rate. 

 

Previous research 

Previous studies have examined the link between bird-dispersal and increased diversification (Lu 

et al. 2019). Results showed that red fruits within the Ericaceae tribe Gaultheria had a stronger 

association with long-distance dispersal events and that black fruits were associated with the 

highest diversification rate. The authors attributed the long-distance dispersal events to bird 

endozoochory and suggested that the high diversification rate of black fruits may be due to the 

quicker rate of diversification observed in the tropics (Chow & Gaston 2000), where black fruits 

are more common (Lu et al. 2019). Birds may carry seeds over long distances, but if dispersed to 

the tropics the morphology may change to and remain black due to its higher favourability in high-

solar radiation. Diversification rate associated with these black-fruited plants would be high as a 

result of the tropical environment.  

 

Arecaceae as a study system 

We will examine our hypothesis in the palm family, Arecaceae. Palms are a characteristic tropical 

plant family that are also found to a small degree in subtropical environments. This means that the 

potential bias of differing diversification rates in temperate versus tropical environments (Lu et al. 

2018) will be less prominent in our study. In the tropics palms are particularly common in rain 

forests (Couvreur 2011). These forests are defined by low seasonality, warm temperatures and high 

precipitation, which have made these forests the most diverse habitat on earth (Dirzo and Raven 

2003). To a lesser extent the palms are also found in seasonally dry habitats, but with decreasing 

concentration with increasing seasonality (Dransfield et al. 2008; Cássia-Silva et al. 2019). Palms 

have a wide range of fruit colours, covering nearly the entirety of the visible colour spectrum 

(Dransfield 2008). There are more than 2500 species of palms, making Arecaceae an exceptionally 

diverse plant family. Palms are highly diverse in the American tropics, the Neotropics, but the old 

world, the Paloetropics, are the most species rich (Dransfield et al. 2008). There is rich information 

available about palms, including a species-level phylogeny (Faurby et al. 2016) as well as spatial 

and trait data (Kissling et al. 2019). With rich fruit colour variety, high species diversity and large 

variety in dispersers which include birds, mammals, reptiles, and fish (Zona and Henderson 1989; 
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Muñoz 2019), there is ample data to measure the effect disperser types may have on range size and 

speciation rate based on the fruit colours they prefer. Taken together, the palms are an excellent 

system for this study and will produce results that can be applied to plants in general. 

 

Aim 

Here, we test among biotic and abiotic factors that contribute to fruit colour variation in palms to 

identify links between particular fruit colours, range size, and diversification. Do plant groups with 

fruit colours able to attract more mobile dispersers have a higher species diversity? In other words, 

we here predict that lineages with fruit colours attractive to birds have larger ranges and are more 

species-rich than groups with fruit colours attractive to other animals. By identifying the extent to 

which frugivores affect ranges and speciation of palms we gain insight into how frugivores with 

different movement patterns lead to improved dispersal capabilities of palms, and whether this 

results in a noticeable effect on range size and speciation rate. 

 

Underlying factors that facilitate formation of new species is important to understanding how 

biodiversity has taken the shape observed today. Understanding this is an important area of research 

within evolutionary biology. We will identify whether different frugivores can impact speciation 

in palms through fruit preference, and how this may lead to more diverse palm clades. Extrapolating 

the results of this study will provide insight into the extent that a common method of dispersal, 

endozoochory, may result in more diverse systems for plants in general.  

 

Materials and Methods 

Data 

Species names and fruit colour for all palm species for which it was available was retrieved from 

the PalmTraits 1.0 dataset (Kissling et al. 2019). The phylogeny used was from a set of 100 

phylogenetic trees from the posterior distribution of the Bayesian analysis published by Faurby et 

al. in 2016. The first 30 trees in the tree file were used, and the file is provided in an online 

repository. The same set of 30 trees from the file containing 100 trees was used throughout the 

study. All coordinate records for Arecaceae were retrieved from the Global Biodiversity 

Information Facility (GBIF.org, 2019). The R package CoordinateCleaner (Zizka et al. 2019) was 

used to remove any duplicate coordinates, as well as species records that likely do not represent 

natural or actual populations such as those near scientific institutions, in or near water, or near city 

or country centroids. 

 

Fruit Colour Model Selection 

Multi-State Speciation and Extinction (MuSSE) models (FitzJohn 2012) are used to identify how 

the different character states of a given trait affect speciation and extinction. MuSSE models are an 

extension of Binary-State Speciation and Extinction (BiSSE) models (Maddison et al. 2007). A 

phylogeny and a species list with associated character states are used as input. The models calculate 

the probability of explaining the observed extant character states taking into account speciation 

events, extinction events, and character state changes in the phylogeny (Maddison et al. 2007). The 

models operate based on a birth-death process (Kendall 1948), where each addition of a new lineage 

(speciation) is an increase of one state variable for speciation (λ) and each subtraction of a lineage 

(extinction) is an increase of one state variable for extinction (μ). This results in values for λ and μ 

that represent speciation event or extinction event per lineage summarised for the given character 

states per unit time. 

 

MuSSE models are likelihood based, meaning they also yield a maximum likelihood parameter 

value. The maximum likelihood value for each model produced from each of the 30 phylogenetic 
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trees was used to calculate an Akaike Information Criterion (AIC) value for each of these models. 

The AIC value is an indicator of the model’s quality and allows for comparison between models. 

In our study, there were several factors to consider in order to produce more meaningful models. 

The colours in the data are based on subjective colour descriptions. They also may be differentiated 

slightly differently by animals even with the same major colour vision type. We compared these 

colours to two separate disperser groups which each have multiple preferred fruit colours. To 

reduce bias and get more meaningful results we created categories with multiple colours in each, 

and through iteratively merging categories and comparing model quality with AIC scores. We 

selected the model with the fewest categories that also remained within an acceptable six AIC units 

of the null model (Richards et al. 2011), and this model’s parameter values for speciation and 

extinction were used in our study. 

 

For the dataset to be used in model selection, all polymorphic species were removed because 

assigning multiple states for a single species is not possible for MuSSE models. This means that to 

include polymorphic species, each combination of polymorphism would have to be tested as a 

separate state which would lead to dozens of separate states which would potentially take years to 

run while making overfitting the model more than likely (FitzJohn 2012). Polymorphic species 

included all species for which more than one colour is listed for the species in the PalmTraits 1.0 

dataset (Kissling et al. 2019).  

 

Nine distinct colours were used from the dataset: black, purple, red, orange, yellow, brown, green, 

blue, white. They were initially assigned into five categories based on similarity in colour and 

disperser group (bird or dichromat). These categorisations are outlined in the Appendix B. MuSSE 

models were created using the R package diversitree version 0.9-13 (FitzJohn 2012). Colours were 

merged in the ten possible ways for the five categories (Merge1.(1-10)) and compared using the 

AIC scores. The best model was selected and used as a starting point for the second round of 

merging (Merge2.(1-6)), where there were four categories. This was repeated once more 

(Merge3.(1-3)) where there were only two categories remaining. 

 

With the selected model, there were species from the original dataset which, based on the final 

colour combinations, were no longer polymorphic. These species were polymorphic for colours 

which were grouped in a single colour category for the selected model. For example, a species that 

has red and black fruits was initially treated as polymorphic, but under the selected model it fell 

into colour category one which included black, red, purple, orange, and white fruits. These species 

that were therefore no longer polymorphic were added back into the dataset. 

 

Range Size Calculations 

For the spatial analyses, alpha hull polygons were constructed using the coordinate points from 

GBIF.org. While convex hulls are the simplest way to draw a range for species given coordinate 

points, they do not allow for concavities and therefore often overestimate species range size (Meyer 

et al. 2017). Alpha hulls (Pateiro-López & Rodriguez-Casal 2010) are a more conservative estimate 

of species range as they allow for concavities in the outer perimeter of the range and were used to 

plot species ranges in this study. Area of the plotted alpha hulls was calculated using the raster 

package in R (Hijmans 2020). 

 

Range Size Model Selection 

To categorise species into small and large ranged categories, another round of model selection was 

done using MuSSE. The data was ordered by ascending range size and divided into quartiles, i.e. 

divided into four parts with a roughly equal number of species in each. These four quartiles were 
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defined as states one through four for the model. For each model, these four states were constrained 

to simulate there being two states for each model: small ranged and large ranged species.  

 

The three MuSSE models were then constructed. In the first model, the second, third, and fourth 

quartiles were constrained to have equal parameters, so that the small ranged species was the first 

quartile only, and the large ranged species the second, third, and fourth quartiles. In the second 

model, the first and second quartiles were constrained to be equal to each other, and the third and 

fourth were constrained to be equal to each other. For the third model, the first, second, and third 

quartiles were constrained to be equal. The model with the lowest AIC was selected and used to 

define palm species as being small ranged or large ranged. 

 

Chi-squared test 

A three by two contingency table for each colour category and range size category was produced 

and a chi-squared test was performed on this table in R (R Core Team 2020). 

 

Results 

 

Fruit colour categories model selection 

The null MuSSE model with five fruit colour categories was used as a 

starting point for comparisons of models with merged categories. The 

value for ΔAIC was calculated for the consecutive models by subtracting 

AIC of each merged model by that of the null model. ΔAIC values for all 

models are shown in Table 1.  Which colours the selected models contain 

during each round of merging are outlined in Appendix B. The 10 

constructed models from the first round of merging, Merge1, show that 

model Merge1.7 has the best ΔAIC score, and was selected from the first 

round of merging. The next round of merging with model Merge1.7 as a 

starting point showed Merge2.1 as having the best ΔAIC score. One 

further round of merging was done (Merge3) but these three models had 

poor ΔAIC scores. The selected model was Merge2.1 as it met the criteria 

for selected model outlined in the materials and methods section: Its 

ΔAIC score was within six ΔAIC of the null model (Richards et al. 2011) 

and had fewer categories than the best model from the first round of 

merging. MuSSE parameters for model Merge2.1 are summarised by 

median values for the distribution of trees in Table 2. Net diversification 

values are visualised in Figure 1. 

  

Table 1. Median delta (Δ) Akaike Information Criterion (AIC) values, i.e. deviation from null 

model AIC value from 30 phylogenetic trees for each round of merging colour categories during 

model selection. Number preceding decimal point in the model name represents the round of 

category merging. The number following the decimal point represents the model number within 

each round of merging. 

Model 

Median  

ΔAIC 

Merge1.1 -6.25 

Merge1.2 -21.21 

Merge1.3 -53.29 

Merge1.4 -4.15 

Merge1.5 -25.29 

Merge1.6 -47.12 

Merge1.7 1.40 

Merge1.8 -49.10 

Merge1.9 -9.47 

Merge1.10 -16.20 

Merge2.1 -4.48 

Merge2.2 -15.94 

Merge2.3 -52.23 

Merge2.4 -18.92 

Merge2.5 -51.96 

Merge2.6 -47.91 

Merge3.1 -40.30 

Merge3.2 -114.48 

Merge3.3 -62.81 
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Table 2. Median parameter values for speciation and extinction rates, and number of large-

ranged species for each small-ranged species within each colour category. 

Colour 

Categories 

Speciation 

Rate 

Extinction 

Rate 

Net 

Diversification 
Large/Small 

Ratio 
Colours 

Rate 

Category 1 0.23 0.09 0.15 1.11 
orange, red, 

purple, black 

Category 2 0.37 5.77E-07 0.37 1.75 yellow 

Category 3 0.10 0.07 0.03 1.60 
green, brown, 

blue, white 

 

 

 

Figure 2. Net diversification rates for the three colour categories best supported by model 

selection. Fruit colours included in each category are shown under the category name. Category 

one is mostly bird dispersed. Category two is mostly dichromat dispersed but likely dispersed by 

birds also, but to a lesser degree. Category three is dichromat dispersed. Bars indicate values 

across the distribution of 30 phylogenetic trees. 
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Range Size Model Selection 

The lowest AIC out of the scores for the range size models was for model 2 (table 3). In this model, 

quartiles one and two were constrained to be equal to each other, and three and four were 

constrained to be equal to each other. This means that in the best-supported model, species were 

grouped into small and large species based on whether they were below or above the median range 

size. Roughly equal number of species were found in each group. The median parameter values for 

the selected model are summarised in table 4. 

 

 
 

 

 

 

 

 

Chi-squared test 

A two-by-three contingency table was produced 

with the number of small and the number of 

large ranged species for each of the three colour 

categories. A chi-squared test was performed on this table yielding the observed and expected 

values shown in table 5. The chi-squared test statistic was 8.33 and the p-value 0.016. Setting the 

threshold for statistical significance at 0.05 based on common practice, this p-value indicates the 

null hypothesis of independence should be rejected meaning that fruit colour and range size are 

correlated. 

 

Table 5. Observed and expected values from chi-squared test for each range size category, small 

and large, within each colour category. 

  Small range Large range 

  observed expected observed expected 

Category 1 336 314 374 396 

Category 2 24 29 42 37 

Category 3 114 131 182 165 
 

  

model 

median 

AIC 

Model 1 15666.01 

Model 2 15599.45 

Model 3 15642.42 

Table 3. Median AIC from a distribution of 30 phylogenetic trees for the range size multi-state 

speciation and extinction models 

Range 

Size Speciation Extinction 

Net 

Diversification 

Small 

range 0.35 3.64E-07 0.35 

Large 

range 0.04 0.28 -0.24 

Table 4. Median parameter values for speciation, extinction, and net diversification from a 

distribution of 30 phylogenetic trees. Parameters are for palms divided into categories of small and 

large range size. 
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Discussion 

We tested whether palms with fruit colours associated with bird dispersal have higher speciation 

rate and larger range size than palms with fruit colours associated with dichromat dispersal. The 

aim was to see whether dispersal by birds, which we assume are more mobile than other frugivores, 

resulted in an increased range size. We further tested whether the larger range size, which we 

suggested lead to a greater probability of reproductive isolation would result in a higher speciation 

rate for bird-dispersed palms. We found that palms with yellow fruits have the highest speciation 

rate. Yellow-fruited palms are dispersed by primarily dichromats and to a lesser degree by birds. 

These yellow-fruited palms also have a greater ratio of large-small range sized species. Fruit 

colours associated with bird dispersal had a higher speciation rate than did those dispersed by 

dichromats, but a lower proportion of large to small ranged species. We also found that without the 

effect of fruit colour categories, small-ranged palms have higher speciation and net diversification 

than large-ranged palms. Finally, a chi-squared test indicates non-independence between fruit 

colour and range size. 

 

Fruit colour MuSSE results 

Our MuSSE model for fruit colour shows that there is a pronounced difference in speciation rates 

for different categories of fruit colours (Table 2). Category two (yellow fruits) has the highest 

speciation rate, followed by category one (red, black, purple, orange, and white) and finally 

category three (brown, green, and blue) with the lowest speciation rate. Net diversification, which 

is the extinction rate subtracted from the speciation rate, ranks the categories the same as for 

speciation. This means that extinction is not disproportionally higher for any colour category to the 

extent that it would alter net diversification. Extinction rate is notably low for category two 

however, indicating not only its higher potential for speciation but also high persistence. Yellow 

fruits are dispersed primarily by dichromats but may also be dispersed by some birds (Willson & 

O’Dowd 1989).  

 

According to the results of the MuSSE models, category two (yellow fruits) has the highest 

speciation rate. This indicates that having mostly dichromatic dispersers with potentially few bird 

dispersers, as we assumed was the case for yellow fruits, leads to a higher speciation rate. An 

extension of this project could create additional MuSSE models with six character states: category 

one + small range, category one + large range, category two + small range, etc. This would give a 

clearer view of the combined effect of how fruit colour and range size affect speciation rates. Here 

we looked only at ratio of the number of large to small ranged species within each colour category. 

We get some indicator of the effect of range size for colour categories by doing this, but the results 

should be interpreted with caution. Based on the ratio of large to small species, we also found that 

category two has more large ranged species compared to the other two categories. The hypothesised 

link between large range size and higher speciation rate is accepted for yellow-fruited palms. But 

category one has a lower ratio of large to small ranged species than category three despite having 

higher speciation, meaning the link does not hold true for these categories. 

 

The main bird-dispersed category, category one did not match our expectation of having the highest 

speciation rate. It is possible to explain this result with a slight modification of our hypothesis. High 

rates of dispersal by dichromats would mean high connectivity and gene flow on a small scale. 

With the addition of rare bird dispersal, these palm species would not be completely hindered by 

geographic barriers. However, relative rarity of bird dispersal events would ensure that large scale 

dispersal does not homogenise polymorphisms in the population. While a large range size would 

be achievable, as is suggested by the large to small ranged species ratio of yellow-fruited palms, 

decreased gene flow over large distances due to mostly dichromat dispersal means reproductive 

isolation and speciation is more likely to occur. Hence the yellow-fruited palms are able to achieve 
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both a larger range size as well as high speciation as a result. Exact disperser data is scarce and 

difficult to track (Zona & Henderson 1989), so exactly how common bird dispersal is for yellow 

fruit in palms is unknown. More disperser data is needed in order to explain why yellow fruited 

palms had such high diversification rates compared to the main dichromat-dispersed category 

(three) using this alternate hypothesis.  

 

The remaining two categories, one and three, are primarily bird dispersed and dichromat dispersed 

respectively. Speciation rates and net diversification between these categories indicate that bird 

dispersed palms have a higher speciation as well as net diversification than the category that is 

dichromat dispersed (table 2). This supports the findings of Lu et al. 2019 that black fruits are 

associated with higher diversification. In our study black was tested as a group with other colours 

supported by model selection. That this higher diversification for category one would be due to an 

increase in range size is unsupported by this study. Again, this measure of range size is not ideal 

and would be better measured with additional MuSSE models with each colour category separated 

into two categories based on small or large range size, as mentioned before.  

 

Range size MuSSE results 

Our MuSSE models for range size suggest that the best definition for small and large range is based 

on model two (Table 3). In this model, palm species were divided based on the median with a 

roughly equal number of species in each group. The selected model for range size shows that small 

range size is associated with higher speciation rates in palms when fruit colour is not taken into 

account (Table 4). We found that based on net diversification, large ranged species are going extinct 

faster than speciation is occurring (Table 4), i.e. their net diversification is negative, and their 

numbers are dwindling. This disagrees with previous studies indicating high persistence of large-

ranged species (Staude et al. 2020), suggesting that perhaps a method examining how range size 

correlates to speciation and extinction treating range size as continuous may be more appropriate. 

However the need to compare and contrast models for fruit colour and range size makes a common 

method for the two analyses more appropriate. While range size naturally is continuous, fruit colour 

as treated by disperser groups may not be, especially not given the discrete descriptions in the data, 

and as such our study stayed focused on MuSSE models, although further testing with other 

methods would provide insight. More range size categories could allow the models to reduce bias 

from treating range like a discrete variable, but with MuSSE models overfitting becomes an issue 

with too many character state categories.  

 

Compared to our results of the fruit colour MuSSE model, our findings that small range species 

have higher speciation and net diversification do not agree with our finding that yellow fruited 

palms had both more large ranged species as well as the highest net diversification rate. Based on 

the range size MuSSE we would expect the colour category in the fruit colour MuSSE with more 

large-ranged species such as category two (yellow) to have lower net diversification. This finding 

does partially agree with our result that category one had higher speciation and fewer large range 

species than did category three. This may be explained by category two having far fewer species 

than either category one or category three. 

 

Comparing fruit colour and range size MuSSE results 

The difference in results for the fruit colour MuSSE and range size MuSSE demonstrates a clear 

effect on speciation based on fruit colour that may be due to the effect of disperser selection. Overall 

shape of the range, shape of barriers, and terrain heterogeneity may be more important than the 

range size alone, which could explain why larger range size lead to higher speciation for one of the 

three categories only. There are some cases in which smaller range size could lead to higher 

diversification rate as well (Gaston 1998). However, following the assumption that species with 
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larger ranges speciate faster due to higher prevalence of geographical barriers (Kruckeberg 1986): 

a species with a large range in a heterogenous environment as opposed to a species with an equally 

large range distributed across several Indonesian islands would likely have different species rates. 

If a small and a large species range is drawn at random on a map, the larger one will be more likely 

to contain some geographic barrier due to size alone. If the species represented by the large range 

is more likely to speciate it may be due to the geographic heterogeneity more than the range size. 

Blanket statements that small or large range sizes lead to higher speciation rates likely ignore 

geographical factors that may be more important in driving speciation. 

 

The higher speciation of small ranged species can also be explained while maintaining that large 

ranged species have higher speciation rate. Small ranged species with good dispersal capability are 

more likely to end up with a large range size and then speciate again. If then speciation occurs, 

there are now two species with decreased range size (Gaston 1989; FitzJohn2012). Extant observed 

range size may therefore be misleading. Two small-ranged species observed today may have 

originated from one large range species. But the model may be more likely to infer the ancestral 

state as small for the parent species. We could in this case have a speciation event likely inferred 

to have occurred for a small ranged species and therefore have an inflated speciation rate. 

    

Extant small ranged species may have originated from large ranged species. One way this may be 

addressed is by constraining character states transition rates in the MuSSE models to make 

transitions from large to small range size more likely than the opposite. AIC would indicate the 

quality of this method compared to equal transition rates. Testing the combinations of each colour 

category with small and large range as individual states as mentioned above would also address 

this issue. 

 

Effects of hidden traits 

With the effect of fruit traits on speciation established, which supports results of effect of other 

fruit traits in previous studies (Onstein et al. 2017), we can speculate on combined effects of traits 

which may explain why yellow fruits, which we presumed to be primarily dichromat-dispersed, 

have a higher speciation than category one which certainly is primarily bird dispersed. Again 

referring to Onstein et al. (2017), there is an effect of fruits being located in understory habitat 

leading to higher speciation in palms. Yellow fruits may occur more frequently in understory 

habitats, which is likely in tropical habitats because the lack of anthocyanin indicates low UV 

protection and therefore a need for more shaded habitats. This study also indicated an effect of fruit 

size on speciation rates. Fruit size affects which dispersers are attracted. Macrofauna consume 

larger fruits and disperse them further, and by dividing our groups into fruit colours we may miss 

an effect. Looking at whether large fruit size is more common for certain fruits would allow for 

more fine-scale distinctions between dispersers which may have an effect on dispersal capability. 

Correlated traits to fruit colour may be the main cause for the effect on speciation (Fitzjohn 2012). 

Hidden State Speciation and Extinction models (HiSSE) can be used to determine the effects of 

unmeasured correlated traits (Bealieu et al. 2016).  

 

Chi-squared test 

Finally based on our chi-squared test results (table 5) we rejected the null hypothesis of 

independence based on the low p-value. Therefore, we also conclude that fruit colour and range 

size are not independent, which could be an indicator of an interaction effect, potentially as a result 

of disperser ability. However a caveat here is that the test assumes that the species are 

independently selected when in fact they are phylogenetically linked. 
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Caveats of this study 

Studies relating to fruit colour can be problematic for several reasons. For one, they often rely on 

colour categories as observed by humans, despite having a colour-vision phenotype confined to 

certain primates, ignoring fruit-colour contrast, and leaving the probability of selection pressures 

from multiple different frugivores unaccounted for (Nevo et al. 2018). There are also other potential 

sources of errors. While dispersers likely play an important role in driving fruit trait evolution, if 

fruit colour were driven exclusively by dispersers the colours would not vary as much as they do 

(Lu et al. 2018). Furthermore pollination may occur on different spatial scales entirely compared 

to fruit dispersal. These factors make studying fruit colour and dispersal with currently available 

data difficult, however, determining the relationship between certain fruit colours and eventually 

diversification rate in palms without making sweeping statements about frugivores remains viable 

(Lu et al. 2018).  

 

Conclusion 

We tested whether a common method of plant dispersal, endozoochory, correlates range size and 

diversification in palms. Our hypothesis was that palms with fruit colours attractive to birds would 

lead to a larger range size due to increased mobility. We further hypothesised that as a result of 

having larger range size, isolation by distance effect would result in higher speciation rates for bird-

dispersed palms. We found that yellow fruits, which are primarily dichromat dispersed, but to some 

unknown degree bird dispersed as well, had the highest speciation and net diversification. Which 

exact dispersers associated with these palms are unknown, but we speculated about why these 

palms had higher speciation rates. Bird dispersed palms had higher speciation and net 

diversification than dichromat dispersed palms. We also found that small ranged palms had higher 

speciation rate than large ranged palms. While we can conclude that bird dispersal facilitates 

speciation compared to dichromat dispersal, based on the results of range size MuSSE and ratios 

of large to small ranged species within our colour categories it is inconclusive whether this effect 

is due to range size. The chi squared test rejected independence between fruit colour and range size 

but based on our results it is unclear in exactly what way. Our study gives insight into how a fruit 

trait that impacts dispersal has higher speciation rates. Understanding underlying causes of 

speciation provides understanding of why speciation is more likely to occur in certain lineages than 

others. It highlights how individually and together morphological, ecological, and geographic 

factors act to create more species-rich lineages, with the end result of more biodiverse systems.  
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Appendix A 

 

Popular Science Summary: 

Animal fruit preferences may lead to greater variety of plants 
 

If a bird were to go grocery shopping at a fruit market it would make very different selections 

than a mammal would, and this may have a profound effect on the amount of different plants that 

exist today. The difference in fruit preference between birds and other vertebrates is due to their 

difference in vision – some fruit colours stick out more to certain eyes. While birds can 

differentiate between red and green, most other vertebrates cannot. This means that birds have an 

easy time picking out red fruits among green foliage. Birds also see in the UV spectrum, and 

certain black fruits reflect a lot in this spectrum. Black, purple, and red fruits all have high 

antioxidant values which birds have learned to seek out. Non-bird vertebrates on the other hand 

are more likely to eat other fruits, especially green and brown ones. This clear divide in fruit 

preference may affect the way plants spread and as a result the rate at which new species arise. 

 

We suspect that plants with fruits spread by birds will come to inhabit a larger geographic area 

than the plants whose seeds are spread by other vertebrates due to birds’ mobility and capacity to 

cross geographic barriers. This would mean that the possibility is greater that some palm groups 

become isolated and do not keep mixing with other separated populations. When this happens, 

the separated populations tend to diverge genetically, and over the course of long periods of time 

and isolation we may end up with two separate species – speciation has occurred. We set out to 

study whether this process has had a notable effect on palm species’ range size and speciation 

rate. 

 

To figure out the speciation rates associated with specific fruit colours we used Multi State 

Speciation and Extinction (MuSSE) models. These models work by using information about fruit 

colours for the species alive today together with a phylogenetic tree which shows relationships 

between species through their evolutionary history. The models retrieve speciation and extinction 

rates for fruit colours using statistical methods based on the input data. 

 

The next step was to figure out the area inhabited by all the palm species. Ranges were defined 

using polygons covering all species coordinate points. Area of the polygons was calculated for all 

palm species, which were then grouped into small or large range size based on whether they were 

below or above the median range size value. 

 

Our results show that palms with yellow fruits have higher speciation rate. These are mostly 

dispersed by other vertebrates but to some degree bird dispersed as well. Because bird dispersal 

would be rarer, the gene pools on either side of a barrier would be more isolated. Perhaps yellow 

fruits have the ideal ratio of bird to other vertebrate dispersal to speciate more. Bird-dispersed 

colours such as black, purple, and red still had higher speciation rate than did those dispersed by 

other vertebrates save yellow, as we expected.  

 

Range size was highest for yellow fruited palms meaning we do see the effect we expected there, 

but the bird dispersed palms had smaller range size compared to the non-yellow palms dispersed 

by other vertebrates. So, the range-size fruit colour link is less clear, and perhaps the amount and 

shape of barriers within a range is more important than size by itself. 
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Appendix B 

Colour categories for selected MuSSE models for each round of merging during fruit colour: 

 

Null model: 

1: black, purple 

2: red, orange 

3: yellow 

4: brown, green, blue 

5: white 

 

Merge1.7: 

1: black, purple 

2: red, orange, white 

3: yellow 

4: brown, green, blue 

 

Merge2.1: 

1: black, purple, red, orange, white 

2: yellow 

3: brown, green, blue 
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