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Abstract 

When closely related species co-occur in sympatry, they face a significant challenge. 

They must adapt to the same local conditions in their shared environment, which favours the 

convergent evolution of traits, while simultaneously minimizing the costs of competition for 

shared resources that typically favours the divergent evolution of traits. Here, we use a 

comparative sister lineage approach to test how most species have responded to these conflicting 

selection pressures in sympatry, focusing on a key ecological trait: the bill morphology of birds. 

If similar bill morphologies incur fitness costs due to species interactions, then we predicted that 

the bill morphologies of closely related species would differ more in sympatry compared with 

allopatry. Alternatively, if similar bill morphologies incur fitness benefits due to local adaptation, 

then we predicted that the bill morphologies would be more similar in sympatry compared with 

allopatry. We used museum specimens to measure five aspects of bill (maxilla) morphology – 

depth, length, width, side shape, and bottom shape – in diverse bird species from around the 

world to test our alternative hypotheses. We found support for both divergent evolution and 

convergent evolution (or trait retention) in one ecological trait: closely related sympatric species 

diverged in bill depth, but converged in side shape. These patterns of bill evolution were 

influenced by the genetic distance between closely related sister taxa and the geographic distance 

between allopatric lineages. Overall, our results highlight species interactions as an important 

mechanism for the evolution of some (bill depth), but not all (bill shape), aspects of bill 

morphology in closely related species in sympatry, and provide strong support for the bill as a 

key ecological trait that can adapt in different ways to the conflicting challenges of sympatry. 
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Chapter 1 

General Introduction 

Locally and globally, patterns of species diversity have fascinated and perplexed 

scientists for centuries (MacArthur 1965; Hawkins et al. 2003; Ricklefs 2004). Although 

initial theories to explain patterns of diversity were centered on history or geography, 

predominant theories around the late 1900s suggested that ecological communities were 

more dependent on, and limited by, species interactions such as competition (Ricklefs 

2004). These ideas led to the formation of the basic principles in community ecology 

including niche theory (Hutchinson 1959), competition and limiting similarity 

(MacArthur and Levins 1967), community assembly rules (Diamond 1975), and 

competitive exclusion (Hardin 1960). All of these principles were thought to be most 

pertinent to closely related species because they share similar ecologies (Weir and Price 

2011), increasing the likelihood of competition.  

Closely related species are most similar in their ecologies and associated trait 

morphologies due to their recent common ancestry (Darwin 1859; Pfennig and Pfennig 

2010; Violle et al. 2011), and these similarities can lead to conflicting selective pressures 

and significant challenges when they overlap their ranges (i.e., co-occur in sympatry). 

Specifically, closely related species in sympatry must adapt to the same local conditions 

in their shared environment while simultaneously minimizing potential costs of 

competition between themselves in that environment (Davies et al. 2007; Bothwell et al. 

2015). These selective pressures conflict because local adaptation should favour traits 

that are similar among sympatric species, while competition, or other fitness costs of co-

occurrence, should favour traits that differ. The relative importance of trait divergence to 
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reduce costs, versus convergence or lack of divergence (to retain ancestral similarities) 

among co-occurring, closely related species, however, remains poorly explored, 

particularly for traits of ecological importance (Davies et al. 2007; Bothwell et al. 2015). 

In this thesis, I will examine the relative importance of trait divergence versus 

convergence across a wide diversity of bird species distributed across the globe. In birds, 

the bill represents an important ecological trait, influencing food and foraging behaviours 

as well as thermoregulation and water balance under challenging climates (Greenberg et 

al. 2012; Danner and Greenberg 2014). Thus, the bill is an ideal trait to test for 

conflicting selection because it is likely to simultaneously be subject to divergent 

selection to limit the costs of competition among species, and convergent selection to 

adapt to shared local environments. In this chapter, I begin by reviewing evidence for 

trait divergence versus convergence among closely related species in sympatry, and then 

review arguments for the importance of key ecological traits for determining patterns of 

co-occurrence among closely related species. I then discuss bird bills as a key ecological 

trait, and review the importance of bill morphologies for ecological partitioning, local 

adaptation, and signalling. 

 

Divergent traits in sympatry: character displacement and ecological sorting  

 Traits may be more divergent in sympatry because of (1) divergent evolution in 

sympatry (character displacement) or (2) divergent evolution in allopatry that allowed 

species to become sympatric (differential expansion or ecological sorting) (Grant 1972; 

Losos 2000; Cavender-Bares et al. 2004; Grant and Grant 2006; Pfennig et al. 2006; 

Davies et al. 2007; Pfennig and Pfennig 2010; Zink 2014). Character displacement occurs 
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when direct or indirect interactions among species lead to costs of sharing similar traits; 

these costs then drive the divergent evolution of traits among sympatric species (Brown 

and Wilson 1956; Pfennig and Pfennig 2010). The importance of character displacement 

in driving morphological divergence in sympatry is still controversial (Davies et al. 

2007); however, several cases of ecological character displacement have been 

documented. For example, divergence in beak size between two species of ground finch 

allows food partitioning within their shared environment (Grant and Grant 2006), 

divergence of an inferior spadefoot toad’s mouth morphology facilitates an omnivore-like 

diet when in sympatry with the more carnivore-like dominant species (Pfennig and 

Murphy 2002), and divergence in morphology and habitat reduce costs of sympatry 

between limnetic and benthic forms of threespined sticklebacks (Schluter and McPhail 

1992). Along with others (see Dayan and Simberloff 2005 for a review), these examples 

support character displacement as a potential mechanism to reduce costly interactions 

between closely related species in sympatry.  

 Greater morphological divergence in sympatry could also result from differential 

expansion (also called ecological sorting), where trait differences that evolved in 

allopatry allow closely related species to secondarily co-occur in sympatry (Hutchinson 

1959; Zink 2014). Barriers, including competitive interactions, limit the ability for 

allopatric species to expand their ranges and become sympatric (Hutchinson 1959; Weir 

and Price 2011; Mittelbach and Schemske 2015). Through the evolution of ecological or 

reproductive divergence in allopatry, closely related species can overcome these barriers 

to achieve secondary sympatry (Hutchinson 1959; Weir and Price 2011; Mittelbach and 

Schemske 2015). For example, within the Furnariidae, a diverse group of passerine birds, 
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competition appears to enforce allopatry following speciation, with secondary sympatry 

achieved only after the accumulation of divergent traits between species (Pigot and 

Tobias 2013). These divergent traits are thought to allow closely related species to 

minimize costly competitive interactions through resource partitioning, thereby allowing 

co-occurrence in sympatry (Pigot and Tobias 2013).  

 

 Similar traits in sympatry: local adaptation in a shared environment   

 Alternatively, if closely related species co-occur in sympatry, they could exhibit 

more similar traits if local conditions such as resource availability or climate exert similar 

selective forces on their morphologies. Similar traits in sympatry could arise from 

reduced divergence among sympatric species relative to allopatric species (i.e., retention 

of ancestral traits), or from the convergent evolution of lineages in sympatry (Losos 

2008; Bravo et al. 2014). Either way, morphological similarities in sympatry could arise 

through the process of local adaptation, where selection favours traits that are 

advantageous for the local conditions (Kawecki and Ebert 2004).  

 Closely related species should be more likely to exhibit traits suited to similar 

environments because they share a recent common ancestor. These species should retain 

these ancestral traits if they provide a fitness advantage in shared environments (Wiens 

and Graham 2005; Fraser et al. 2011). For example, closely related species in sympatry 

will often use similar ecological resources including food, especially if they are not 

limiting. Efficiently exploiting these shared resources could require similar 

morphologies, such as similar bill depths for cracking seed husks or bill lengths for 

accessing hidden invertebrates (Losos 2008; Bravo et al. 2014). Meta-analyses on studies 
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using reciprocal transplant experiments from a variety of species have shown that local 

adaptation is common and can result in local populations having significantly greater 

fitness than introduced ones (Hereford 2009; Fraser et al. 2011). Thus, in the absence of 

other selective forces, natural selection should result in local populations evolving or 

retaining traits that are well-suited to their environments (Kawecki and Ebert 2004).  

 Ecogeographic “laws” such as Allen’s or Bergmann’s rules demonstrate how 

climate can drive the evolution of similar traits within local environments (Cody 1969). 

These “laws” suggest that phenotypic traits are broadly influenced by climatic conditions 

in repeatable and predictable ways (Nudds and Oswald 2007). Specifically, Allen’s rule 

postulates that the appendages, proportions, or shapes of bodies in endotherms will vary 

with temperature to allow efficient thermoregulation (Allen 1877), and Bergmann’s rule 

suggests that body weight varies with climate, with larger species inhabiting colder 

climates and smaller species inhabiting warmer climates, driven by selection for optimal 

surface area to size ratios for heat transfer (Mayr 1963). For example, bill length is 

shorter in cold climates across 214 bird species, providing support for Allen’s rule where 

species in colder climates have shorter bills to assist with efficient heat retention 

(Symonds and Tattersall 2010) and support for Bergmann’s rule was seen through a 

meta-analysis on body size variation from birds around the world that showed significant 

correlations between both body size and latitude (r = 0.32) and body size and temperature 

(r = -0.81) (Ashton 2002). Similarly, bills are well vascularized, and thus are also 

important for heat exchange and water balance in challenging, hot climates, as seen in 

some parrot species that have larger overall bill surface areas with increasing summer 

temperatures (Campbell-Tennant et al. 2015), and song sparrows (Melospiza melodia) 
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whose bill phenotypes allow more efficient heat dissipation and water retention in 

warmer and drier habitats (Greenberg et al. 2012). Some birds such as the toco toucan 

(Ramphastos toco) can also facilitate or constrict blood flow within their ramphotheca 

tissues in their bills, increasing heat loss in high temperatures and heat retention in colder 

temperatures (Tattersall et al. 2009; Campbell-Tennant et al. 2015). Therefore, the bill 

can be considered an important location for heat-exchange, supporting the potential role 

of local climate as a selective force influencing bill morphology (Symonds and Tattersall 

2010; Campbell-Tennant et al. 2015).  

 

Key ecological traits and species diversity  

 Key innovations are traits that allow species to perform a new function, allowing 

them to exploit new ecological opportunities (Simpson 1953; Mayr 1963; Hodges and 

Arnold 1995), or to undergo an adaptive radiation after a change in their environment 

(Liem 1973; Hodges and Arnold 1995). Adaptive radiations occur when a lineage quickly 

diversifies through the evolution of various ecological traits or mechanisms and are often 

associated with key innovations such as wings in bats and birds or adhesive toepads in 

some lizards (Schluter 2000b; Losos 2010; Rabosky 2013). These traits can lead to an 

increase in local species richness because they can allow resource partitioning among 

species, thus minimizing the costs of competitive interactions and allowing closely 

related species to co-occur in sympatry (Losos 2010; Rabosky 2013).  

The bill of birds represents a key innovation that has allowed birds to disperse and 

persist in a wide variety of habitats (Bhullar et al. 2015). Despite the wide variety of bill 

forms across bird species, the embryonic bill development in all birds is the same 
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(Schneider 2006). The upper bill, or maxilla, develops from both the frontonasal and 

paired maxillary primordia and the bottom bill, or mandible, forms from the paired 

mandibular primordia (Schneider and Helms 2003). In its entirety, the bill consists of the 

internal bony structures, nerves and blood vessels within a vascular layer, connective 

tissue, and the outer keratin sheath called the rhamphotheca (Greenberg et al. 2013). The 

bill directly influences food acquisition and foraging techniques, and can evolve rapidly 

in response to ecological conditions within a species’ habitat (e.g., beak divergence in 

Darwin’s Finches; Herrel et al. 2005; Grant and Grant 2006). The bill is also important 

because it provides a functional link between ecology and sexually selected traits. 

Changes in bill morphology due to ecological pressures can cause a concurrent change in 

song properties affected by beak shape, such as trill rate and frequency bandwidth (Podos 

et al. 2004). The importance of song for communication and mate choice in birds, 

coupled with the functional links between song characters and bill morphologies, 

suggests that the bill could simultaneously influence premating barriers to reproduction 

and ecological partitioning among sympatric, closely related species (Herrel et al. 2009).  

In birds, speciation typically begins in allopatry and requires the geographic 

isolation of populations (Weir and Price 2011). Recent work suggests that the rates of 

speciation are not set by the evolution of reproductive isolation alone, but are also 

influenced, or perhaps ultimately controlled, by competitive interactions between species 

that constrain whether or not closely related species can expand their ranges into 

sympatry (Weir and Price 2011; Price et al. 2014). The importance of the bill as a key 

ecological trait – influencing both ecology and reproductive isolation – suggests that it 

could play a central role in determining when and how closely related species achieve 
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secondary sympatry (Rabosky 2013), thus influencing rates of speciation and local 

species diversity (Hodges and Arnold 1995).  

 

Conclusions 

Closely related species are most similar in their ecologies and therefore face acute 

challenges when they co-occur in sympatry: adapting to the same local conditions versus 

minimizing potential costs of competition (Darwin 1859; Davies et al. 2007; Pfennig and 

Pfennig 2010; Violle et al. 2011; Bothwell et al. 2015). If ecological communities, and 

therefore patterns of species diversity, are constrained by species interactions such as 

competition (Ricklefs 2004), then the evolution of key traits like bill morphology 

between closely related species may represent an important mechanism to reduce costly 

interactions and facilitate co-occurrence in sympatry through ecological and/or 

reproductive divergence (Rabosky 2013). Previous research has provided examples of 

more divergent traits in sympatry due to character displacement or differential expansion 

(ecological sorting), and more similar traits in sympatry caused by local adaptation. 

However, we presently lack an understanding of how widespread these patterns are in 

nature, highlighting the need to simultaneously test between the relative importance of 

trait divergence versus convergence (or trait retention) in sympatry across an ecologically 

and taxonomically broad range of closely related species birds, worldwide.  
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Chapter 2 

The effects of sympatry on patterns of bill morphology between closely related 

species of birds, worldwide 

Introduction 

 When closely related species co-occur in sympatry, they face a significant 

challenge – they must minimize the potential costs of competition, while simultaneously 

adapting to the same local conditions within their shared environment (Davies et al. 

2007; Violle et al. 2011; Bothwell et al. 2015). This challenge is particularly acute for 

closely related species because they are more similar in their resource use and 

preferences, and associated trait morphologies, increasing the potential for competition 

(Darwin 1859; Pfennig and Pfennig 2010; Violle et al. 2011). Simultaneously, the 

similarities between closely related species increase the likelihood that local 

environmental challenges (e.g., climate) act similarly across species and favour similar 

evolutionary solutions (Bothwell et al. 2015). Understanding how closely related species 

solve this evolutionary dilemma, and how geographic variation in the relative importance 

of selective pressures (e.g., competition versus climate) influences trait evolution – 

particularly for key traits or innovations – is important for understanding how local 

diversity forms, but remains relatively unexplored (Davies et al. 2007; Bothwell et al. 

2015). 

Key innovations are traits that allow species to take advantage of new ecological 

opportunities, and sometimes even generate ecological opportunities themselves 

(Schluter 2000b). These traits play a central role in allowing closely related species to co-

occur because they can allow different, closely related species to access novel resources, 
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thus reducing the fitness costs of living together, potentially increasing local diversity 

(Simpson 1953; Mayr 1963; Liem 1973; Hodges and Arnold 1995; Schluter 2000a; Losos 

2010; Rabosky 2013). Examples of key ecological traits include the wings of bats and 

birds (Losos 2010), adhesive toepads in some lizards (Losos 2010), body size in animals 

(Peters 1983; Bonner 2006), and the hind limbs of birds (Abourachid and Höfling 2012). 

The bill of birds is a key ecological trait because its evolution has allowed birds to 

adapt to a wide range of novel ecological opportunities (Bhullar et al. 2015). The bill 

directly influences food and foraging behaviours, and is implicated as the most important 

trait in several adaptive radiations (e.g., Hawaiian honeycreepers, Galapagos finches; 

Grant 1981; Lovette et al. 2002; Pratt 2005; Grant and Grant 2008). More recently, bird 

bills have also been identified as playing a central role in adapting to challenges of 

thermoregulation and water balance (Tattersall et al. 2009; Greenberg et al. 2012a; 

Greenberg et al. 2012b; Danner and Greenberg 2014), suggesting that bill morphology 

may evolve in response to local climatic challenges. Beyond this, the bill may provide an 

important functional link between ecology and sexual selection because changes in its 

morphology, including adaptations for food and foraging behaviours, can cause 

correlated changes in song. For example, within the Darwin’s finches, beaks adapted for 

crushing large, hard seeds are less able to open and close quickly to produce songs with 

fast trills, suggesting a trade-off between ecological adaptation and song production 

(Podos 2001). Since songs are important in birds for communication, mate choice, and 

reproductive isolation among species, ecological selective pressures that drive the 

evolution of bill morphologies could simultaneously drive the evolution of signals, 

providing a functional link between ecological adaptation and speciation (Podos 2001; 
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Herrel et al. 2009). Thus, the evolution of different bill morphologies can promote 

ecological partitioning and adaptive radiations, local adaptation, signal evolution, and 

potentially influence reproductive isolation, making the bill an ideal trait to examine 

conflicting selective pressures acting on closely related species in sympatry. 

 

Divergent or convergent bill morphologies in sympatry? 

 Divergent bill morphologies among closely related, sympatric species may be 

favoured if they reduce the fitness costs of co-occurrence, such as competition (Pfennig et 

al. 2006). For example, in Darwin’s finches, competition for seeds caused the divergence 

of bill morphologies that allowed closely related species to specialize on seeds of 

different sizes within their shared habitat (Grant and Grant 2006). Bird species may also 

differ in bill morphologies in sympatry due to indirect ecological selection. For example, 

ecological costs of living together, such as density dependent predation, could favour the 

divergence of habitat use among sympatric, closely related species. If different habitats 

favour different bill morphologies (e.g., due to different selection pressures in different 

habitats related to climate or food), then the ecological selective pressures favouring 

different habitat use could indirectly cause divergence in bill morphologies. More 

generally, the pattern of divergent bills in sympatry could arise through either character 

displacement, where bill morphologies diverge in sympatry, differential expansion 

(ecological sorting), where differences evolve in allopatry that allow species to expand 

their ranges into sympatry, or a combination of the two (Losos 2000; Grant and Grant 

2006; Pfennig and Pfennig 2010; Zink 2014).   
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 While divergence in bill morphology may allow closely related species to co-

occur in sympatry, the evolution of bill morphologies is also influenced by shared local 

conditions that can favour similar bill morphologies across species. Thus, closely related 

species that overlap their geographic ranges should exhibit similar bill morphologies if 

local conditions of resource availability or climate exert similar selective forces on their 

morphologies. For example, closely related species in sympatry often use similar 

resources such as food, particularly if these resources are not limiting (Losos 2008; Bravo 

et al. 2014). The use of similar foods may favour the same morphological adaptations for 

food capture and manipulation, such as bill depth for cracking seed husks, or bill length 

for accessing hidden invertebrates. Bills also have physiological functions that may be 

particularly important when there is limited water or challenging temperatures (Tattersall 

et al. 2009; Greenberg et al. 2012a; Greenberg et al. 2012b; Danner and Greenberg 

2014). Large bills allow birds to dissipate more heat in hot climates, while small bills are 

important for reducing heat loss in cold environments (Greenberg et al. 2012a; Greenberg 

et al. 2012b; Danner and Greenberg 2014), leading to similarities in bill morphologies 

adapted to shared environmental temperatures. For example, bill length and surface area 

varies geographically within and across species, with shorter bills (Allen’s rule) and 

reduced bill surface area in colder climates; in addition, several parrot species have 

shown larger overall bill surface areas when exposed to increasing summer temperatures 

(Symonds and Tattersall 2010; Campbell-Tennant et al. 2015). Thus, local adaptations to 

shared resources or climate could favour more similar bill morphologies of closely 

related species in sympatry. These shared traits could arise from reduced divergence in 
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sympatry relative to allopatry (e.g., stabilizing selection), or from convergent evolution 

among sympatric lineages (Losos 2008; Bravo et al. 2014).  

Previous studies of bill evolution among closely related, sympatric species have 

highlighted divergence in morphology as a means of decreasing costs of co-occurrence 

by reducing interspecific competition for food (e.g., bill length divergence; Schoener 

1965). However, early comparative studies often focused on costs of competition 

between closely related species and its effect of the evolution of trait morphologies in 

sympatry without testing if the observed patterns of divergence were different from those 

expected by random chance (Strong 1980; Simberloff and Boecklen 1981; Connor and 

Simberloff 1986). Early work was also unable to control for differences in evolutionary 

time, where the youngest sympatric species are usually evolutionarily older than the 

youngest allopatric species because most speciation events occur in geographic isolation 

(Price 2008; Martin et al. 2010; Weir and Price 2011). Thus, greater differences in bill 

morphology among sympatric species could simply result from longer divergence times 

rather than sympatry itself. More recent work has provided excellent examples of bill 

divergence among sympatric species, primarily in seed-eating birds (e.g., Galapagos 

finches, crossbills, Nesospiza finches; Benkman 2003; Grant and Grant 2006; Ryan et al. 

2007). This body of work includes a comparative study suggesting that species 

interactions in sympatry constrain the evolution of bill morphologies generally across 

diverse groups of seed-eating passerines (Schluter 1988).  

Here, we extend this previous work to ask: how widespread are patterns of bill 

divergence among sympatric species of birds, and how do birds reconcile the conflicting 

selective pressures of interspecies interactions and the need for local adaptation when 
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closely related species live in sympatry? To address these questions, we use a 

comparative test of the evolution of bill morphologies among closely related sympatric 

versus allopatric species of birds, sampling across ecologically and taxonomically diverse 

species from around the world. We test our hypotheses using a simple and effective 

method, proposed by Mohamad Noor (1997), which isolates the effect of sympatry on the 

evolution of traits. This method compares trait evolution in closely related sister lineages 

(lineages B and C) that differ in their geographic overlap with another closely related, but 

more distant, lineage (lineage A) (Fig. 2.1). Lineage A and B overlap in their geographic 

ranges and are considered sympatric lineages, where lineage A and C do not significantly 

overlap in their ranges and are considered allopatric. The Noor method controls for 

evolutionary time because sister lineages (B and C) have been evolving from their 

common ancestor, and from the more distant lineage (A), for the same amount of time. 

Therefore, the sympatric comparisons (lineages A-B) have been evolving from each other 

for the same amount of time as the allopatric comparisons (lineages A-C), allowing the 

comparison of bill morphological traits in the presence (i.e. sympatry) and absence (i.e. 

allopatry) of potential species interactions within closely related, independent clades 

(Bothwell et al. 2015; Martin et al. 2015). Since there is strong evidence that closely 

related species of birds require an initial allopatric phase before reaching secondary 

contact (Weir and Price 2011), controlling for evolutionary time removes potential bias 

that greater differences between sympatric lineages are due to evolutionary time alone. 

 Based on this Noor method, we predicted that if closely related species of birds 

consistently incur fitness costs of species interactions from having similar bill 

morphologies, and these costs have led to divergent bill evolution, then we should find 
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more divergent bill morphologies between closely related sympatric species (lineages A-

B) relative to closely related allopatric species (lineages A-C), worldwide. Alternatively, 

if closely related species gain fitness benefits from sharing similar bill morphologies 

through local adaptation to shared resources or climate that outweigh any costs of species 

interactions, and these benefits have favoured the retention or convergent evolution of 

similar bill morphologies, then we should find more similar bill morphologies between 

closely related sympatric species (lineages A-B) relative to closely related allopatric 

species (lineages A-C).  We also tested the prediction that the relationships between 

sympatry and bill evolution are influenced by the amount of evolutionary time since 

divergence, the geographic context of sympatric comparisons (e.g., latitude, percent of 

range overlap, distance between allopatric lineages, overlap of non-focal congeners), 

behavioural dominance interactions, body mass, and environmental temperatures 

experienced across species’ ranges (Bothwell et al. 2015). We tested these predictions for 

five different measures of bill morphology – bill depth, length, width, side shape, and 

bottom shape – that are likely to influence ecological function across a diversity of avian 

groups (James 1982; Herrel et al. 2005). 

 

Methods  

 

Study species 

 We selected species that met specific phylogenetic and biogeographic criteria as 

outline by Noor (1997) using data published up to September 2014. We selected genera 

that had three or more species (following the taxonomy of Gill and Donsker 2014), where 

at least 80% of the species were represented in a phylogeny based on molecular 



 16 

 

characters (Bothwell et al. 2015). We chose an 80% cutoff (following Bothwell et al. 

2015) to avoid genera whose phylogenetic relationships might be biased by a large 

proportion of missing species (see Wiens 2003; Lemmon et al. 2009). Once we found 

appropriate genera, we searched for lineages that met three specific criteria required for 

the Noor method (Fig. 2.1) (Noor 1997; Bothwell et al. 2015): (1) closely related sister 

lineages, denoted as B and C, must be mostly allopatric with less than 10% of their 

ranges overlapping, (2) the range of the outgroup, denoted as lineage A, must overlap at 

least 50% of the range of lineage B, and (3) lineages A and C must be mostly allopatric 

with less than 10% of their ranges overlapping. For migratory species, all criteria had to 

be met for both breeding and wintering ranges. Lineage A was also chosen as the 

youngest lineage that was sympatric with lineage B (and allopatric with lineage C), 

allowing us to focus on comparisons between the most closely related sympatric species 

(Bothwell et al. 2015). We quantified the percent of range overlap using focal range maps 

from BirdLife International and NatureServe (2011; Fig. 2.2) and functions in the 

program ArcGIS such as intersect calculations that allow us to quantify areas of range 

overlap (v. 10.1, ESRI, Redlands, CA).  

The “Noor method” approach is simple, yet powerful, because it controls for 

evolutionary time since divergence between our sympatric and allopatric comparisons; 

lineages B and C have been evolving from each other, and B and C have also been 

evolving together from lineage A, for the same amount of time. Therefore, our sympatric 

comparisons (A and B) have been evolving independently for the same amount of time as 

our allopatric comparisons (A and C). We found 82 comparisons that met the Noor 

method criteria and that were phylogenetically independent from one another; however, 
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34 of these did not have skeletal material available in North American museums for 

measurement. Thus, our final dataset included 48 phylogenetically independent 

comparisons. These 48 comparisons included 44 different genera from around the world, 

representing 26 taxonomic families and 9 orders of birds (Appendix A).  

 

Museum data 

 We used online search engines (ORNIS (www.ornisnet.org), Arctos 

(arctos.database.musum/), VertNet (www.vertnet.org)), as well as individual museum 

search engines, to locate skeletons of our focal species across museums in North America 

(Table 2.1). Depending on data availability at each museum, we also collected 

information about each specimen including age, sex, and geographic origin.  

 We used a Canon DSLR camera with an EF-S 18-55mm f/3.5-5.6 IS camera lens 

(Canon Canada Inc., Mississauga, Ontario) and an Epson Perfection V500 Office scanner 

(Epson Canada, Ltd., Markham, Ontario) to take photographs and scans of each bird 

skull.. At each museum, we used the same equipment and set-up procedure to be 

consistent for our comparative analysis. For photographs of the sides of the skull, we 

placed skulls on a platform with a ruler attached for scale. Skulls were placed on a 

perpendicular line drawn on the platform to account for the plane in which pictures were 

taken. The camera was placed 30 cm away from the edge of the platform and was set up 

on a levelled tripod.  For scans of the bottom of the skull, a ruler was placed on the 

scanner for scale and we used a 600 dpi resolution scan. We took pictures of both the 

maxilla and mandible, but included only measurements for the maxilla in our final 

analyses because the mandible bones had warped in the majority of specimens. We used 
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specimens that had the rhamphotheca removed from the bill so we could take 

measurements of the bill that included internal connections (e.g. jugal connections 

between the mandible and skull). 

 

Linear data 

 We measured linear traits known to be of ecological significance from previous 

work (James 1982; Herrel et al. 2005): bill (maxilla) length, width, and depth. Bill length 

and width were measured from bottom scans of the skull; bill depth was measured from 

side photographs of the skull. Using ImageJ (v. 1.48), we set a scale on each image, and 

then measured linear traits on the digital images. Each measurement was taken between 

sets of homologous points of the bird skull: bill length was measured as the distance from 

the left jugal-quadrate connection to the tip of the bill (Fig. 2.3a), bill width was 

measured as the distance between the left and right jugal-quadrate connections (Fig. 

2.3a), and bill depth was measured as the distance between the nasal-frontal hinge and the 

lateral position of the jugal-upper mandible connection (Fig. 2.3b).  

 We preferentially used museum specimens that were collected from areas of 

range overlap (i.e. sympatry) for species A and B, and no range overlap (i.e. allopatry) for 

species C. When lineages were represented by more than one species, we took the 

average linear measurements for all the species in that lineage for our final analyses. We 

excluded specimens of immature birds, and we used the average of male and female 

linear measurements in our final analyses.  

 We tested the relative divergence in sympatry versus allopatry for our linear 

measurements of bill morphology by comparing the differences between traits of A and B 
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lineages (i.e. sympatric comparison) relative to the differences between traits of A and C 

lineages (i.e. allopatric comparison).  

 

Shape data 

 Bills can vary in ecologically important ways (e.g., curvature, presence or absence 

of ridges) that are not captured by linear measurements. Thus, we also examined how bill 

shapes differed between closely related species in sympatry versus allopatry. We 

measured shape morphology for the same specimens described above (i.e., for linear 

measurements), unless specimen damage precluded shape measurements.  

 We first converted photograph and scanner image files into tps files (Clarion 

TopSpeed data file) using tpsUtil (2013, F. James Rohlf). With tps files, we created 

outlines around the bills in tpsDig2 (v. 2.17; 2013, F. James Rohlf); we created outlines 

for both side morphologies of bills (using photographs) and bottom morphologies of bills 

(using scanner images). We changed outline data into landmark data by converting 

semilandmark curve data into 75 discreet, equidistant landmark data points. These 

landmark data files were compiled using the output files from tpsDig2.  

 To quantify differences in bill shape morphology, we used Procrustes 

superimposition (Appendix B). This method ensures that differences between two shapes 

are minimized and gives a final value, called the Procrustes distance that is a measure of 

the absolute difference between shapes (Klingenberg 2011). We measured the Procrustes 

distance between each focal pair of specimens within a comparison (i.e., lineage A versus 

B or lineage A versus C) and then took the average distance across sympatric lineages 

(A-B) and allopatric lineages (A-C). For example, if we had three specimens in lineage A 
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(A1, A2, and A3) and three specimens in lineage B (B1, B2, and B3), we calculated nine 

measurements of Procrustes distance for the sympatric comparison (i.e., distance between 

A1 and B1, A1 and B2, A1 and B3, etc.). We then calculated the average Procrustes 

distance between our sympatric lineages as the average of all distances between 

sympatric specimens. We calculated the average Procrustes distance between female 

specimens and male specimens separately and took an average of the two for our final 

analyses. We then tested our focal hypotheses by comparing the Procrustes distance of 

our sympatric comparison (average of males and females in lineages A and B) relative to 

the Procrustes distance of our allopatric comparison (average of males and females in 

lineages A and C) within each clade.   

 

Additional factors 

 We included several additional predictor variables in our statistical analyses to 

test their effects on differences in bill morphology in sympatry versus allopatry. These 

predictor variables are: (1) degree of sympatry of lineages A and B relative to lineage A, 

(2) degree of sympatry of lineages A and B relative to lineage B, (3) mass, (4) average 

annual temperatures experienced by each clade, (5) relative difference in annual 

temperatures between lineages A and B relative to A and C, (6) mean latitude of each 

clade, (7) geographic distance between lineage A and C (centroid distance), (8) mean 

Tamura-Nei genetic distance between lineages A and BC, (9) mean Tamura-Nei genetic 

distance between lineages B and C, (10) number of non-focal congeners whose ranges 

overlapped the range of lineage B or C, and (11) behavioural dominance relationships 

between lineages A and B. Below, we detail how each predictor variable was measured. 
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Relative sympatry of A and B 

 We measured the relative sympatry of lineages A and B using published range 

maps (BirdLife International and Natureserve 2011) in ArcGIS. Using the Lambert 

Azimuthal equal-area projection, we calculated the total area (in km2) of lineage A and 

lineage B; we then measured the relative sympatry of lineage A as: [(geographic area of 

overlap of the ranges of lineages A and B, in km2)/(geographic range size of lineage A, in 

km2)], and the relative sympatry of lineage B as: [(geographic area of overlap of the 

ranges of lineages A and B, in km2)/(geographic range size of lineage B, in km2)] 

(Bothwell et al. 2015). For ranges with different breeding and wintering ranges, we 

calculated overlap for each range separately, and then took the average between breeding 

and wintering ranges for our final analyses.  

 Mass  

 We took mass measurements from Bothwell et al. (2015) and Freshwater et al. 

(2014) for all comparisons that were shared across our studies (38 comparisons total). For 

the remaining 10 comparisons, we compiled weight data for adult birds from the 

literature and museums, and took the average weights for males and females. We 

preferentially compiled data from areas of sympatry for lineage A and B and allopatry for 

lineage C, ensuring that data for lineages A and B also came from locations allopatric to 

lineage C. In cases where we found data for fewer than 5 individuals of known sex, we 

included weights of individuals of unknown sex and averaged all weights within each 

location. For each focal species, we took the average weight for all locations within each 

state or province (average for males and females separately), and then calculated the 

average across all states or provinces represented in our sample (males and females 
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separately). Our final values were the average of males and females, where the value for 

each sex was the average across all states and provinces. We did not correct values across 

different states or provinces by sample size because sample size was highly variable 

across sites, and we did not want one geographic site to dominate our sample. In some 

cases, weights for individuals of lineage A and B were known from the same study sites. 

In these cases, we used only the data from these shared sites because they ensured that 

the weights reflected individuals of both species that were living together at the same site.  

 Annual temperatures/relative difference in annual temperatures   

 Annual environmental temperatures for lineages were estimated using high-

resolution (10 minute latitude x 10 minute longitude) terrestrial climate data (New et al. 

2002). Using the Lambert Azimuthal equal-area projection in ArcGIS, we intersected the 

total range of each lineage with average monthly temperature data (New et al. 2002; 

Bothwell et al. 2015). We calculated the average environmental temperature by 

averaging all 10 x 10 minute blocks that intersected the focal species’ range. For resident 

species, we calculated the average temperature for all 12 months of the year; for 

migratory species that showed distinct (non-overlapping) breeding and wintering ranges, 

we calculated the mean temperature for the breeding and wintering ranges separately by 

averaging the temperatures across the months typically spent on each range (based on 

data from standard regional ornithological references; Cramp 1977, 1983, 1992; Higgins 

et al. 2006; Poole 2013). We then calculated the mean temperature as the average 

between breeding and wintering temperatures. For species with breeding and wintering 

ranges that partly overlapped, we first measured the temperature for areas of the range 

that were occupied year round by taking the average temperature across all 12 months. 
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Next, we estimated the temperature for the breeding range as: [(temperature for the 

breeding-only range, for months spent on breeding range x area of the breeding-only 

range) + (temperature of the range occupied all year x area of the range occupied all 

year)]/[(area of the breeding-only range) + (area of the range occupied all year)] 

(Bothwell et al. 2015). For the wintering range, we calculated the temperature as: 

[(temperature for the wintering-only range, for months spent on wintering range x area of 

the wintering-only range) + (temperature of the range occupied all year x area of the 

range occupied all year)]/[(area of the wintering-only range) + (area of the range 

occupied all year)] (Bothwell et al. 2015). We then took the average of these breeding 

and wintering range values for the final measure of average temperature for migratory 

species whose breeding and wintering ranges partly overlapped.  

We estimated the difference in environmental temperatures experienced by 

sympatric (lineages A-B) versus allopatric (lineages A-C) comparisons as: ln{[absolute 

value (temperature of lineage A – temperature of lineage B)]/[absolute value 

(temperature of lineage A – temperature of lineage C)]} (Bothwell et al. 2015).  

Mean and lineage-specific latitudes  

 We calculated the centroid (area-weighted mean) latitude for each lineage’s 

range, and then calculated the average latitude across the three lineages as: 

average{[absolute value (latitude of lineage A)], [absolute value (latitude of lineage B)], 

[absolute value (latitude of lineage C)]} (Bothwell et al. 2015). As with temperature, for 

lineages with different breeding and wintering ranges, we calculated the centroid latitude 

of each range separately, and then took the average latitude of the two ranges.  
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Geographic distance between lineages A and C 

 We calculated the distance between allopatric lineages (A and C) as the distance 

(in km) between the area-weighted range centroids for lineages A and C. We used an 

online calculator (http://www.csgnetwork.com/gpsdistcalc.html) to calculate the 

distances (in km) between the centroids (i.e., latitude and longitude points). For lineages 

with different breeding and wintering ranges, we took the average of distances between 

the centroids of the breeding and wintering ranges.  

 Genetic distance between lineages  

 We estimated the genetic distance between the different lineages using 

mitochondrial DNA sequences from Genbank (accession numbers in Appendix C). We 

preferentially chose cytochrome-b (cyt-b) sequences when available; when cyt-b was not 

available, we used NADH dehydrogenase subunit 2 gene (ND2), cytochrome oxidase 

subunit I gene (COI), and cytochrome oxidase subunit II gene (COII) sequences instead. 

We aligned sequences with the homologous gene from the chicken (Gallus; Desjardins 

and Morais 1990) using Clustal X (v. 2.0.10; Larkin et al. 2007). We then visually 

examined the aligned sequences using MacClade (v. 4.08; Maddison and Maddison 

2005) and removed sequences that did not line up with the reference gene from the 

chicken. We measured genetic distance between lineages A and BC and between lineages 

B and C using MEGA (v. 6.06; Tamura et al. 2013). We calculated between-group mean 

Tamura-Nei genetic distances (following Bothwell et al. 2015) using transitions and 

transversions, all codon positions, uniform rates among sites, homogeneous patterns 

among lineages, and pairwise deletion to address gaps or missing data (Tamura et al. 

2013). 
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 Overlap of non-focal congeners  

 Non-focal congeners that also overlap our focal species could influence patterns 

of trait evolution (e.g., Noor 1997; Martin et al. 2015), and thus we controlled for their 

presence in statistical tests. We focused on non-focal congeners overlapping either 

lineage B or C because overlap with lineage A should cause A to diverge from both B 

and C (not overly biasing our results) and overlap with both B and C, or A, B and C 

would cause both focal or all lineages to evolve, respectively (again not overly biasing 

our results) (Bothwell et al. 2015). We designated non-focal congeners as sympatric with 

B or C if range overlap was over 50%: [(geographic area of overlap of the ranges of the 

non-focal species and lineage (B/C), in km2)/(geographic range size of lineage (B/C), in 

km2)].  We then totalled the number of non-focal congeners that were sympatric with 

either lineage B or C for analyses.  

Dominance data 

We included data on the behavioural dominance relationships between our 

sympatric lineages (lineages A and B) as an estimate of asymmetric interference 

competition. We collected dominance data based on previously published, direct 

observations whenever these data were available. When behavioural dominance data 

were not available, we inferred dominance through differences in body mass, where the 

larger species was assumed to be dominant (Appendix D). Larger species are dominant in 

aggressive interactions among closely related species of birds (congeners) in 91-93% of 

species pairs (Freshwater et al. 2014; Martin and Ghalambor 2014). 
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Statistical analyses 

 We performed statistical analyses in R (v.3.1.2; R Core Team 2014), unless 

otherwise stated. We tested our predictions using generalized linear or generalized least 

squares models. We calculated each response variable as the natural log of the ratio of the 

bill trait differences in sympatry relative to allopatry for each independent comparison as: 

response = ln{[absolute value (bill trait of lineage A – bill trait of lineage B)]/[absolute 

value (bill trait of lineage A – bill trait of lineage C)]} (Bothwell et al. 2015). We 

included five response variables (traits) in our analyses: bill (maxilla) depth, width, 

length, side bill shape, and bottom bill shape. Response variable values above zero 

suggest greater differences in sympatry whereas values below zero suggest greater 

differences in allopatry.  

 We included all predictor variables in each model, with no interaction terms. We 

first checked for normality of all variables using Shapiro-Wilk tests and transformed any 

variables that were significantly different from normal. We then checked for possible 

collinearity between predictor variables by looking at variance inflation factors (VIFs), 

using the car package (v. 2.0-21; Fox and Weisberg 2011). We also plotted each 

predictor variable against the response variable to identify any non-linear or threshold 

relationships; if we found evidence for non-linear or threshold relationships, then we 

incorporated these into our models. We then ran a full generalized linear model for each 

response variable and checked the model fit by plotting residuals against predicted values 

and also against each predictor, theoretical quantiles against the standardized deviance 

residuals, and the square root of the standardized deviance residuals against predicted 

values. We examined Cook’s distance to identify any overly influential points, used 
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Bartlett’s tests to identify any significant differences between residual variation among 

levels for factors, and used Shapiro-Wilk tests to identify model residuals that showed 

significant deviations from a normal distribution (Zuur et al. 2009). We also used 

diagnostic plots to check for non-linearity and a normal distribution in residual values, 

homoscedasticity, and outliers within our data. In cases where we found evidence for an 

outlier or influential point in our analyses, we reran our models with and without the 

point to ensure that our results remained qualitatively unchanged. When we identified 

possible problems with the fit of our models, we used the nlme package (v. 3.1-120; 

Pinheiro et al. 2015) to specify different variance structures using generalized least 

squares models, and then tested the performance of these new models relative to 

alternatives using Akaike Information Criterion values (AIC) (Zuur et al. 2007). We 

chose the final models with the best fit to our data (lowest AIC values), and ensured that 

the final models adequately fit our data using the same methods for model-checking as 

for our initial models.  

 We compared the performance of models with different predictors using the 

information-theoretic approach of the dredge command in the MuMIn package (v. 1.13.4; 

Bartón 2015). Models were ranked based on the lowest corrected Akaike Information 

Criterion (AICc), where top models had a delta AICc < 2. The best model was chosen as 

the model with the lowest delta AICc. We checked the fit of the best-fitting models in the 

same way as the full models.  

 Controlling for phylogeny  

 To isolate the potential effects of phylogenetic relationships among our 

comparisons on our overall results, we ran a Bayesian phylogenetic mixed effects model 
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using the MCMCglmm package (v. 2.21; Hadfield 2014). We used the same predictor and 

response variables as our best-fitting models (for each response variable) and included 

the phylogenetic relationship between comparisons as a random factor (Fig. 2.4; 

Bothwell et al. 2015). We downloaded 1000 phylogenetic trees for our comparisons 

based on the Hackett sequenced-based dataset from Jetz et al. (2012; http://birdtree.org). 

We calculated a maximum clade credibility tree using TreeAnnotator in BEAST (v. 1.8.1; 

Drummond et al. 2012). We used the program FigTree (v1.4.2) to convert the maximum 

clade credibility tree into the NEWIC format, to be included in our analyses in R.  

 Post-hoc testing 

 Our main analysis examined the relative differences in bill trait divergence 

between sympatric and allopatric lineages. We ran additional tests to determine if the 

evolution of sympatric versus allopatric lineages was differentially contributing to the 

results of our main analysis. For this analysis, we calculated the absolute values of 

differences in bill trait measurements between lineages A and B, and A and C, as: bill 

trait difference = [absolute value (bill trait of lineage A – bill trait of lineage B or 

C)]/(average bill trait of lineages A, B and C) (Bothwell et al. 2015). We used a linear 

mixed-effects model with the nlme package to assess the possible contribution of changes 

in sympatric versus allopatric lineages to our main results. We checked and transformed 

variables using the same methods as in our main analysis, and ran a full model with 

sympatry (yes or no) and all predictors included in the best-fitting model for each 

response variable. We ranked models based on the corrected Akaike Information 

Criterion (AICc), where top models had a delta AICc < 2, and identified the best-fitting 

http://birdtree.org/
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model as the model with the lowest AICc value. We checked our best-fitting model with 

the same methods as the main analysis. 

 

Results 

 Within the 48 comparisons in our study, two out of five measures of bill (maxilla) 

morphology showed consistent, statistically significant differences between closely 

related lineages of birds in sympatry relative to allopatry (Table 2.2): side shape and bill 

depth. The remaining three measures (bill length, width, and bottom shape) showed no 

consistent and significant differences between species in sympatry compared with 

allopatry (Table 2.2). 

 Side shape   

The side shapes of bills were more similar among closely related sympatric 

lineages relative to allopatric lineages, but only when the genetic distance between sister 

taxa (i.e., lineages B and C) was low (Fig. 2.5). Controlling for phylogeny did not 

substantially alter our results (Table 2.2). Based on supplementary tests (Table 2.3), the 

changes in side shape with genetic distance between sister taxa (Fig. 2.5) were driven 

primarily by changes in sympatry, not allopatry. Our best-fitting model also included the 

genetic distance between lineage A and BC as a predictor, where sympatric lineages were 

more divergent, but only when the genetic distance between A and BC was high (P=0.08; 

Fig. 2.6; Table 2.2).  

 Differences in side shape between allopatric and sympatric species within each 

comparison did not vary significantly with average latitude, geographic distance between 

lineages A and C (allopatry), proportion of range overlap of A-B relative to A or B, 
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presence or absence of other (non-focal) overlapping congeners, temperature differences 

between lineages, average annual temperature of the comparison, behavioural dominance 

of A or B, or mass. Mass, proportion of range overlap of A-B relative to A, and average 

annual temperature of the comparison were included in some top models (i.e., top models 

with delta AICc < 2; Table 2.4) but were not retained in the best-fitting model (lowest 

AICc; Table 2.1). In these other top models, differences in side shape in sympatry 

relative to allopatry decreased with mass, range overlap of lineage A, and average annual 

temperature of the comparison (Table 2.4).  

 Bill depth  

Allopatric lineages differed more in their bill depth relative to sympatric lineages 

when there was increased geographic distance between allopatric lineages A and C (Fig. 

2.7). Sympatric lineages differed more in their bill depth relative to allopatric lineages 

when the genetic distance between sister taxa was high (Fig. 2.8). Distance between 

lineages A and C showed a non-linear relationship with bill depth; therefore, we included 

a polynomial term of the predictor in our model (Table 2.2). Based on supplementary 

tests (Table 2.3), the decreased difference in bill depth with increased distance between 

lineages A and C was driven by changes in allopatry, not sympatry, which is expected 

given that the predictor measures only differences among allopatric lineages. The 

increased difference in bill depth with increased genetic distance was influenced more by 

changes in sympatry, compared to allopatry (Table 2.3). Controlling for phylogeny 

altered our results for one of the two significant predictors: genetic distance between 

sister taxa was not significant in our Bayesian phylogenetic mixed effects model (Table 

2.2). Our best-fitting model also included the degree of range overlap of lineage A as a 
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predictor, where sympatric lineages differed more in their bill depth compared with 

allopatric lineages, but only when the relative overlap of lineage A by B was low 

(P=0.09; Fig. 2.9; Table 2.2).  

Bill depth differences between sympatric and allopatric species within each 

comparison did not vary significantly with average latitude, proportion of range overlap 

of A-B relative to B, mass, average annual temperature, presence or absence of other 

(non-focal) overlapping congeners, genetic distance between lineages A and BC, 

temperature differences between lineages, average annual temperature of the comparison, 

behavioural dominance of A or B, or mass. Dominance and genetic distance between 

lineages A and BC were included in some top models (i.e., top models with delta AICc < 

2; Table 2.4) but were not retained in the best-fitting model (lowest AICc; Table 2.1). In 

these other top models, differences in bill depth in sympatry relative to allopatry 

increased with dominance of lineage B over lineage A and decreased with genetic 

distance between lineages A and BC (Table 2.4). 

Other response variables  

The other three response variables in our analyses did not show consistent and 

statistically significant differences in divergence between closely related lineages of birds 

in sympatry relative to allopatry. Although our best-fitting model for bottom shape 

morphology (Table 2.2) showed significant patterns in sympatry relative to allopatry, the 

model explained very little variation (generalized linear model, R2 = 0.087 for the entire 

model). After controlling for phylogeny, our results for bottom shape morphology were 

no longer significant for any predictors (Table 2.2). Bill length and width showed no 

statistically significant predictors in any analyses (Table 2.2)
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Discussion   

When closely related species co-occur in sympatry, they should adapt to the same 

local conditions within their shared habitat while simultaneously minimizing potential 

costs of competition between each other for limited space or resources (Davies et al. 

2007; Bothwell et al. 2015). Here we test the hypothesis that species interactions in 

sympatry may be influencing the evolution of a key ecological trait, the bird bill, using a 

comparative framework that focuses on closely related sister lineages in sympatry 

relative to allopatry, worldwide. We found that closely related species of birds in 

sympatry were more different in bill (maxilla) depth, but more similar in side (maxilla) 

shape (Fig. 2.6, 2.8, 2.9, Table 2.2, Table 2.5). Our results also provide evidence for 

geographic or regional adaptation in bill (maxilla) depth, with greater differences in bill 

depth among geographically distant allopatric lineages. Overall, these results support 

predictions of both alternative hypotheses: that closely related species suffer fitness costs 

when they share similar bill morphologies in sympatry and that closely related species 

benefit from sharing traits that are well-adapted to their local environments, potentially 

including resources. Although we do not have direct measures of ecological variables or 

fitness itself, these results suggest that selection is acting in different ways on bill size 

versus shape (Table 2.2, Table 2.5), with divergence in size reducing the direct or indirect 

costs of interactions, and shared similarities in shape reflecting local adaptation. 

Previous studies of other important ecological traits have documented either 

divergence or convergence among sympatric lineages. For example, regional patterns of 

co-occurrence between mammalian carnivores can be explained by divergence in 

dentition, specifically the carnassial tooth which is primarily involved in food processing 
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and thought to influence resource partitioning (Davies et al. 2007). A study of body size 

evolution in birds found greater divergence among closely related species in sympatry, 

but only in warmer climates (Bothwell et al. 2015). A parallel study to ours on the 

morphology of the three leg bones of birds found evidence for divergence among the two 

more distal leg bones, but not for the femur (Hemprich et al. in prep). Only the most 

distal bone (the tarsometatarsus) showed evidence for an interaction between divergence 

in sympatry and climate, where closely related species in sympatry diverged in 

tarsometatarsus length only when mean annual temperatures were above ~20˚C 

(Hemprich et al. in prep). However, studies have also supported the convergence or 

retention of similar traits among sympatric lineages. For example, within the antwrens 

(Thamnophilidae), convergent evolution among clades has led to optimum body sizes for 

specific habitats and foraging strategies (Bravo et al. 2014). Similarly, a comparative 

analysis of over 200 bird species found evidence for Allen’s rule, where species in colder 

climates have shorter bill lengths to facilitate heat retention, supporting local adaptation 

to climatic pressures (Symonds and Tattersall 2010). The results of our study support 

both of these broad patterns – divergence and convergence (or retaining of ancestral 

traits) in sympatry – but our findings reveal that both patterns are evident in different 

measures of the same ecological trait.  

 

Evolution of bill size 

The size of bills has important ecological significance in birds, especially for food 

and foraging behaviours (Schoener 1965; Boag and Grant 1981; Benkman 2003; Grant 

and Grant 2006). Bill length and width divergence did not differ significantly or 
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consistently between sympatric and allopatric lineages; however, bill depth divergence 

increased among allopatric lineages with increased geographic distance, consistent with 

adaptive divergence among more geographically distant species (Table 2.2, 2.3; Fig. 2.7). 

Bill morphology can evolve rapidly and efficiently with changes in ecological resources, 

such as food (Reznick and Ghalambor 2001; Herrel et al. 2005); in the absence of 

interspecific interactions such as competition (i.e. allopatry), species should adapt to local 

conditions by evolving traits that are well-suited to the resources or conditions within 

their environment (Schluter 2001; Kawecki and Ebert 2004). As allopatric lineages 

become further apart geographically, climate, resources, or other environmental selective 

pressures within each range are expected to become more different, promoting adaptive 

divergence in bill depth. Relative differences in mean temperature between allopatric, 

compared with sympatric, lineages did not explain our results, suggesting that the 

patterns of divergence with geographic distance were either caused by other, perhaps 

more complicated factors, or that our measures of average temperature do not capture the 

important selective pressure acting on bills (e.g., maximum or minimum temperatures 

might be more important). 

The divergence in bill depth was also greater among sympatric relative to 

allopatric lineages when the geographic distance among allopatric lineages was relatively 

small and the genetic distance between sister taxa (B and C) was large (Table 2.2, Fig. 

2.8). The lack of significant differences when sister taxa are closely related could suggest 

evolutionary constraint, where bill depth takes a long time to diverge among sister taxa, 

or that other traits evolve first to reduce costs of co-occurrence, followed later by bill 

depth (Richman and Price 1992). Work on Darwin’s Finches (Geospiza) and jays 
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(Aphelocoma) suggest that bill depth can evolve quickly, at least in some groups (Grant 

and Grant 2006; Langin et al. 2015), consistent with the reduced importance of genetic 

distance between sister lineages in statistical models that accounted for phylogeny. This 

pattern of divergent morphologies in sympatry relative to allopatry is consistent with 

either character displacement or differential expansion (ecological sorting) (Losos 2000; 

Pfennig and Pfennig 2010; Zink 2014) – we cannot presently distinguish between these 

two alternatives.   

Variation in bill depth has been shown to be important in specific food 

manipulation processes, including the ability to efficiently crush large and hard seeds 

(Herrel et al. 2005). As well, bill depth influences how wide a bird can open its beak 

(e.g., bill gape) and can be a limiting factor for birds with specific diets such as fruits 

(Wheelwright 1985; Levey 1987) or large seeds (e.g., acorns (Quercus) eaten by some 

Lophura) that are swallowed whole. Indeed, we find some evidence that the largest 

divergence in bill depths in sympatry occurs among clades with diets that include seeds 

(e.g., Lophura; Appendix E) and fruit (e.g., Tangara, Tockus). Evidence also suggests 

that variation in bill depth has greater consequences for food acquisition and 

manipulation than variation in other linear measurements such as bill width (Herrel et al. 

2005). In the Darwin’s finches, birds with deeper beaks, relative to a given width, were 

able to bite significantly harder and could crush larger seeds, but birds with wider beaks, 

relative to a given depth, were unable to crush large seeds (Herrel et al. 2005).  

Bill depth is also potentially important for song production, functionally linking 

ecology and sexually selected traits (Podos et al. 2004). For example, within the 

Darwin’s finches, beaks that are able to crush large and hard seeds (i.e., deep bills) are 
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less able to produce certain song types including trills because they are physically 

constrained by how fast their bills can open and close (Podos et al. 2004). Songs are 

important for both communication, mate choice, and reproductive isolation and therefore, 

the divergent evolution of beaks, especially with respect to bill depth, may be 

simultaneously driving the evolution of signals, linking ecological adaptation and 

processes of speciation (Podos 2001; Herrel et al. 2009). Alternatively, costs of sharing 

similar signals may have favoured the divergence of bill depth among sympatric species 

that we have found in this study. 

Other selective pressures could also explain the divergence of bill depth among 

sympatric lineages that we found. For example, co-occurring species may suffer costs of 

density dependent predation or parasitism (Arneberg et al. 1998; Martin and Martin 

2001), or simply competition, that favour habitat partitioning. This habitat partitioning 

could secondarily lead to different bill depths if the habitats differ in foraging, food, 

microclimate, or other pressures that influence optimal bill depth. Examples of bill 

adaptations to different habitats, including bill depth, come from both closely related 

species (Peterson 1993) and even populations within species (Ryan et al. 2007; Langin et 

al. 2015). 

 

Evolution of bill shape 

Most previous studies of bill evolution have focused on linear measurements of 

the bill as an index of ecological divergence; however, bills also show more complicated 

variation in shape, including features such a ridges or hooks that can be instrumental in 

their function (Bock 1966; Peterson 1993; Moyer et al. 2002; Navarro et al. 2009). We 
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found that side (maxilla) shape showed greater similarities among closely related species 

in sympatry relative to allopatry, and that these similarities decreased with increasing 

genetic distance between sister taxa, B and C (Table 2.2, Fig. 2.6), after controlling for 

genetic distance between lineage A and lineages B and C. These results are consistent 

with either convergence (or retention) of bill shape among the sympatric lineages (A-B), 

or rapid divergence among allopatric lineages (A-C) that pre-dates our window of study. 

Within our temporal window of study (approximately 1.5 to 6.5 million years for sister 

lineages B and C), the decline in the differences in shape between allopatric and 

sympatric lineages was mostly a result of changes in sympatry (Table 2.3), with 

divergence in sympatry increasing to levels comparable to allopatry with increased 

genetic distance among sister lineages, B and C.  

We suggest that similarities in bill shape among the sympatric species in our 

study are likely to represent adaptations to similar foods rather than other selective 

pressures. For example, the greatest side shape similarities between sympatric species in 

our study were between Brotogeris sanctithomae (lineage A) and B. versicolurus (lineage 

B) (Appendix F), which have unique ridges on the maxilla that are used for food 

manipulation. In addition, selection for adaptations to temperature would likely influence 

linear dimensions of the bill that covary with surface area (important for heat transfer), 

with previous work documenting bill length variation in response to varying climate 

(Symonds and Tattersall 2010). Alternatively, bill shape similarities in sympatry could 

reflect shared adaptations of bill shape (for example, extra lobes or protrusions) that assist 

in heat transfer within local environments, or that provide solutions to other shared 

challenges, such as parasitism (e.g., bill adaptations to reduce ectoparasites in plumage; 
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Moyer et al. 2002). Shared bill shape could also result from indirect selection for 

convergent songs in sympatry (e.g., Tobias et al. 2014), although signal convergence 

appears to occur more commonly among more distantly related species. 

Although we found significant patterns for bottom bill shape, the best-fitting 

model explained very little variation (total model, R2 = 0.087) and the effects were no 

longer significant once we corrected for phylogeny. These results suggest that bottom bill 

shape might vary between sympatric and allopatric lineages in certain groups or that we 

need a larger sample size to properly assess how it varies with sympatry. 

 

Ecology and the evolution of the bill 

Taken together, our results suggest divergence in bill depth (a measure of bill 

size), but a convergence of bill shape, among sympatric lineages, rather than a consistent 

change in the overall bill morphology in sympatry. Differences in bill depth also suggest 

adaptive divergence among allopatric lineages, but only at large geographic distances 

(greater than ~5000 km; Fig. 2.7). These patterns suggest adaptive evolution in bill size 

(depth) and shape (side) consistent with previous work arguing for the importance of bills 

in ecological partitioning and adaptation to environmental selective pressures, such as 

climate.  

Why would bill depth diverge, and bill shape converge, among closely related 

species in sympatry and are these processes occurring simultaneously? Our patterns 

suggest that size divergence and shape convergence (or shape retention) are not occurring 

concomitantly: size (depth) differences between sympatric lineages increase with 

increasing genetic distance between sister lineages (Fig. 2.9), while bill shape (side) is 
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most similar between sympatric lineages at low genetic distances between sister lineages 

(Fig. 2.6). Thus, as genetic distance between sister lineages B and C increases, we find 

increased differences in size and reduced similarities in shape.   

We suggest that bill shape is more likely to provide local adaptation to similar 

resources, while variation in bill size (depth) allows the partitioning of resources among 

co-occurring, closely related species. Alternatively, if adaptation to local climatic 

conditions was driving our results, we would expect isometric changes in all linear 

measurements to influence total surface area so the bill could as an efficient 

thermoregulatory organ. Instead we see divergence in one size measurement, but not in 

shape.   

Previous studies have shown how bill shape, independent of size, can be an 

important trait that varies with habitat use (Peterson 1993). Specialized features of shape, 

especially side shape, include features such as hooked tips or long, pointed tips, 

depending on the habitat and foraging behaviours (Peterson 1993). For example, in Scrub 

Jays (Aphelocoma), hooked tips are more efficient in oak woodland habitats and acorn 

diets versus long, pointed tips that are more efficient in pinyon-juniper woods and 

pinyon-nut diets (Peterson 1993). Work on granivorous birds have shown how bills with 

different shapes offer distinct foraging strategies between birds (Hrabar 2002). Within the 

seed-eating finches, long, pointed tips allow goldfinches to access the inside of thistle 

seed heads, deep bills allow hawfinches to crush large and hard tree fruits, and bullfinch 

bills with rounded edges are able to grasp rounded plant buds (Hrabar 2002). Therefore, 

the shape of the bill could be playing an important role in accessing certain food types 

within a habitat. However, perhaps the most striking example of the importance of shape 
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in food and foraging strategies is within species of parrots (Psittacidae). Regardless of 

size, many parrots have specific bill shape characteristics that allow efficient food 

manipulation and foraging strategies, including a maxilla with a strong curved, upper 

edge that ends with a sharp, piercing end, transverse ridges that are hard and keratinous 

under the tip of the bill and a lower mandible shaped like a trough (Appendix G) (Hrabar 

2002). These shape characteristics allow parrot species to position seeds within the ridges 

against the maxilla and crush the seeds between the broad mandible and maxilla, and 

exemplify how bill shape is an influential trait in determining the types of food selected 

by bird species (Hrabar 2002).  

 Shape may be important for local adaptation to similar resources, but bill size is 

often considered an important trait for resource partitioning to reduce fitness costs 

associated with co-occurrence in sympatry (Pfennig and Murphy 2002). Bill size traits 

(i.e. depth, length, or width) are considered important ecological traits that influence food 

and foraging behaviours in a variety of species (Boag and Grant 1981; Schluter et al. 

1985; Benkman 2003; Herrel et al. 2005; Nebel et al. 2005; Grant and Grant 2006). For 

example, within the Darwin’s finches, bill depth has been directly linked to bite force and 

the ability to crush seeds (Herrel et al. 2005; Grant and Grant 2006; Ryan et al. 2007). 

With the arrival of a new species that set up the potential for competition on Daphne 

Major Island, two species of Darwin’s finches diverged in bill depth to partition limited 

seed resources (i.e. Tribulus seeds) within their shared environment (Grant and Grant 

2006). Within crossbills species (Loxia), bill depth is the primary trait associated with 

efficient feeding rates and its evolution is driven by variations in cone structure, a 

primary food source for crossbills (Benkman 2003). Several other examples of bill size 



 41 

 

divergence between closely related species of birds have highlighted its direct functional 

link to resource partitioning through observations of competitive interactions between 

closely related species (see Dayan and Simberloff 2005).  

 

Closely related species and bill morphology 

We measured five different aspects of bill morphology in closely related species 

from around the world and found that they responded in different ways to selective 

pressures in sympatry relative to allopatry, highlighting the bill as an important but 

complex trait in birds. Previous work has shown evidence for the divergence of traits 

among sympatric species, including bill morphology (Benkman 2003; Grant and Grant 

2006), body size (Bothwell et al. 2014), colour patterns (Martin et al. 2015), and hind 

limb morphology (Hemprich et al., in prep), but our results are the first to show repeated, 

opposing patterns of evolution within one ecological trait.  

 Understanding how key traits, like body size (Bothwell et al. 2015), limb 

morphology (Hemprich et al. in prep), and bill morphology evolve among closely related 

species could help to explain rates of speciation and gradients of biodiversity (Price et al. 

2014; Pigot et al. 2016). Recent work has suggested that the evolution of key ecological 

traits – including bill morphology – set the tempo for speciation, rather than the evolution 

of reproductive isolation itself, as previously thought (Weir and Price 2011; Price et al. 

2014). In this case, the divergence of key ecological traits promotes ecological 

partitioning and allows range expansions of closely related species into sympatry, 

increasing the likelihood that future populations will become geographically isolated and 

continue in the process of speciation. Thus, the evolution of bill morphology, and other 
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key traits, may play a central role in allowing closely related species of birds to occur 

together locally, and expand their ranges more broadly into sympatry, enhancing local 

and regional species diversity (Rabosky 2013). 
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Figure 2.1. Phylogenetic and biogeographic criteria (Noor 1997) used to select 

comparisons. Genera included in our study had three or more species and at least 80% of 

the species had to be represented in a molecular character-based phylogeny (Bothwell et 

al. 2015). The “Noor Method” approach requires genera to meet three specific criteria in 

order to be included in our study: (1) sister lineages B and C are mostly allopatric (less 

than 10% range overlap); (2) outgroup lineage A and B must be mostly sympatry (over 

50% range overlap); and (3) lineages A and C must be mostly allopatric (less than 10% 

range overlap).  
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Species A    Species B      Species C   

 

 

Figure 2.2. An example of the biogeographic criteria used in the “Noor Method” using 

the genus Ramphocelus (Thraupidae). Species A, R. carbo (blue) is sympatric with 

species B, R. nigrogularis (red), with over 50% of the range of R. nigrogularis (B) 

overlapped by R. carbo (A) (hatched blue and red). The full range of R. nigrogularis (B) 

is outlined in black. Species A is also allopatric with species C, R. dimidiatus (green), 

with less than 10% of the range of R. dimidiatus (C) overlapped by R. carbo (A) (no 

overlap in this comparison). Species B (nigrogularis) and C (dimidiatus) are also 

allopatric, with less than 10% range overlap. This map was created using ArcGIS and 

maps from BirdLife International and NatureServe (2011). Bird images are from the 

Handbook of the Birds of the World (Hilty 2016).  
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Figure 2.3a. An example of bill (maxilla) length and width measurements on a 

Toxostoma longirostre skull. Bill length was measured from the left jugal-quadrate 

connection (blue point) to the tip of the bill (green point). Bill width was measured from 

the distance between the left (blue point) and right (red point) jugal-quadrate connections. 

 

 

Figure 2.3b. An example of bill (maxilla) depth measurements on a Toxostoma 

longirostre skull. Depth was measured between the nasal-frontal hinge (red point) and the 

lateral position of the jugal-upper mandible connection (blue point). 
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Figure 2.4. The maximum clade credibility tree for the 48 comparisons in our study (44 

genera), based on phylogenies from Jetz et al. 2012. The phylogenetic relationships 

between our comparisons were included as a random factor in our statistical analyses to 

test for the potential effects of phylogeny on our results. 



 47 

 

Figure 2.5.  Relative differences in bill (maxilla) side shape between closely related species of birds living in sympatry versus allopatry (N = 47 

phylogenetically independent comparisons). Sympatric lineages are more similar in side shape of their bills relative to allopatric lineages when sister 

lineages are closely related; these differences decline with increasing genetic distance between sister lineages. Y-axis values are ln[(absolute value of 

the difference in side shape morphology between sympatric lineages A and B)/(absolute value of the difference in side shape morphology between 

allopatric lineages A and C)]. X-axis values are the Tamura-Nei genetic distances between sister lineages B and C, calculated using mitochondrial 

sequences. A genetic distance of 0.02 represents a divergence time of approximately 1 million years before present (Weir and Schluter 2008). A) Raw 

data for the relationship between genetic distance between sister lineages, B and C (X-axis), and the relative difference in side shape measurements 

between sympatric and allopatric lineages (Y-axis) that does not control for the genetic distance between lineage A and BC (which was also retained 

in our best-fitting model). B) Predicted values and 95% confidence intervals calculated from the best-fitting model for the relative differences in side 

shape morphology, plotted for the average genetic distance between lineage A and BC (Table 2.2). Y-axis values above the zero line represent greater 

differences among sympatric comparisons, whereas values below the zero line represent greater differences among allopatric comparisons.
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Figure 2.6.  Relative differences in bill (maxilla) side shape between closely related species of birds living in sympatry versus allopatry (N = 47 

phylogenetically independent comparisons). Sympatric lineages are more similar in the side shape of their bills relative to allopatric lineages, but only 

when the genetic distance between A and BC was high. Y-axis values are ln[(absolute value of the difference in side shape morphology between 

sympatric lineages A and B)/(absolute value of the difference in side shape morphology between allopatric lineages A and C)]. X-axis values are the 

Tamura-Nei genetic distances between lineages A and BC, calculated using mitochondrial sequences. A genetic distance of 0.02 represents a 

divergence time of approximately 1 million years before present (Weir and Schluter 2008). A) Raw data for the relationship between the genetic 

distance between lineages A and BC (X-axis), and the relative difference in side shape measurements between sympatric and allopatric lineages (Y-

axis) that does not control for the genetic distance between sister lineages, B and C (which was also retained in our best-fitting model). B) Predicted 

values and 95% confidence intervals calculated from the best-fitting model for the relative differences in side shape morphology, plotted for the 

average genetic distance between lineages sister B and C (Table 2.2). Y-axis values above the zero line represent greater differences among sympatric 

comparisons, whereas values below the zero line represent greater differences among allopatric comparisons. 
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Figure 2.7. Relative differences in bill (maxilla) depth measurements between closely related species of birds living in sympatry versus allopatry (N = 

48 phylogenetically independent comparisons). Allopatric lineages show greater differences in bill depth relative to sympatric lineages as the 

geographic distance between allopatric lineages increases. Y-axis values are ln[(absolute value of the difference in bill depth between sympatric 

lineages A and B)/(absolute value of the difference in bill depth between allopatric lineages A and C)]. X-axis values are geographic distances 

between allopatric lineages, A and C (raw values in km in (A); transformed values in (B)). A) Raw data for the relationship between geographic 

distance among allopatric lineages (A and C), in kilometers (X-axis), and the relative difference in bill depth measurements between sympatric and 

allopatric lineages (Y-axis) that does not control for genetic distance between sister lineages B and C, or proportion of range overlap of lineage A.     

B) Predicted values and 95% confidence intervals calculated from the best-fitting model for relative difference in bill depth, plotted for the average 

genetic distance of lineages B and C and average range overlap of lineage A; Table 2.2. Distance between allopatric lineages, A and C, was 

transformed to normalize data. Y-axis values above the zero line represent greater differences among sympatric comparisons, whereas values below 

the zero line represent greater differences among allopatric comparisons. 
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Figure 2.8.  Relative differences in bill (maxilla) depth between closely related species of birds living in sympatry versus allopatry (N = 48 

phylogenetically independent comparisons). Sympatric lineages show increased differences in bill depth measurements relative to allopatric lineages 

with increasing genetic distance between sister lineages (B and C). Y-axis values are ln[(absolute value of the difference in bill depth between 

sympatric lineages A and B)/(absolute value of the difference in bill depth between allopatric lineages A and C)]. X-axis values are Tamura-Nei 

genetic distance calculated using mitochondrial sequences. A genetic distance of 0.02 represents a divergence time of approximately 1 million years 

before present (Weir and Schluter 2008). A) Raw data for the relationship between genetic distance between sister lineages, B and C (X-axis), and the 

relative differences in bill depth measurements (Y-axis) that does not control for geographic distance between lineages A and C or range overlap of 

lineage A (which were also retained in our best-fitting model). B) Predicted values and 95% confidence intervals calculated from the best-fitting 

model for relative differences in bill depth, plotted for the average geographic distance between allopatric lineages A and C, and average range 

overlap of lineage A; Table 2.2). Y-axis values above the zero line represent greater differences among sympatric comparisons, whereas values below 

the zero line represent greater differences among allopatric comparisons. 
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Figure 2.9. Relative differences in bill (maxilla) depth measurements between closely related species of birds living in sympatry versus allopatry (N = 

48 phylogenetically independent comparisons). Sympatric lineages are more divergent in bill depth at low levels of range overlap of lineage A and 

become less divergent as range overlap on lineage A increases. Y-axis values are ln[(absolute value of the difference in bill depth between sympatric 

lineages A and B)/(absolute value of the difference in bill depth between allopatric lineages A and C)]. X-axis values are transformed proportions of 

range overlap of lineage A. A) Raw data for the relationship between proportion of range overlap of lineage A, in kilometers (X-axis), and the relative 

difference in bill depth measurements between sympatric and allopatric lineages (Y-axis) that does not control for distance between allopatric lineages 

A and C, or genetic distance between sister lineages B and C. B) Predicted values and 95% confidence intervals calculated from the best-fitting model 

for relative difference in bill depth, plotted for the average distance between allopatric lineages A and C, and average genetic distance between sister 

lineages B and C; Table 2.2. Range overlap of lineage A was transformed to normalize data. Y-axis values above the zero line represent greater 

differences among sympatric comparisons, whereas values below the zero line represent greater differences among allopatric comparisons. 
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Table 2.1. Museum collections housing the focal skeletal specimens that we used in our 

study with total number of specimens from each location. Number of specimens collected 

are listed as total number of specimens photographed at each location and number of 

specimens used from the collection for the final analyses in brackets.  

 

Museum Location Number of 

specimens 

collected 

United States National Museum 

(Smithsonian)  

Washington, D.C., USA 304(211) 

Louisiana State University Museum of 

Natural Science  

Baton Rouge, LA, USA 157(104) 

American Museum of Natural History  New York, NY, USA 142(77) 

University of Michigan Museum of Zoology Ann Arbor, MI, USA 132(56) 

Royal Ontario Museum  Toronto, Canada  128(56) 

Kansas University Natural History Museum  Lawrence, KS, USA 122(69) 

Carnegie Museum of Natural History Pittsburgh, PA, USA 75(49) 

Los Angeles County Museum of Natural 

History  

Los Angeles, CA, USA 64(23) 

Yale University Peabody Museum  New Haven, CT, USA  40(11) 

Field Museum of Natural History  Chicago, IL, USA 39(14) 

Museum of Comparative Zoology, Harvard 

University 

Boston, MA, USA 26(6) 

Museum of Vertebrate Zoology, University of 

California 

Berkeley, CA, USA 25(12) 

Canadian Museum of Nature Ottawa, Canada  14(3) 

Museum of Southwestern Biology, University 

of New Mexico 

Albuquerque, NM, 

USA 

10(8) 

Moore Laboratory of Zoology Los Angeles, CA, USA 10(7) 

Cornell University Museum of Vertebrates  Ithaca, NY, USA 8(2) 

California Academy of Sciences  San Francisco, CA, 

USA 

7(3) 

University of Colorado Museum  Boulder, CO, USA 4(0) 
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Table 2.2. Results of our best-fitting statistical model (lowest AICc) testing the 

prediction that bill morphology differences are larger (Intercept > 0) or smaller (Intercept 

< 0) among sympatric lineages compared to allopatric lineages for the five response 

variables: (a) side shape, (b) bottom shape, (c) depth, (d) length, and (e) width. All 

measures are from the upper bill (maxilla) only (see Methods). 

 

  

a) Side Shape  

 

Generalized linear model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Intercept2 -0.053 0.124 -0.424 46 0.674 

Genetic distance between A 

and BC3 

-3.146 1.762 -1.786 46 0.081 

Genetic distance between B and 

C4 

4.057 1.741 2.329 46 0.024 

Bayesian phylogenetic mixed 

effects model1 

 

Estimate 

Lower 95% 

CI5 

Upper 95% 

CI5 

Effective 

sample size 

 

P 

Phylogeny (random effect) 0.013 0.000 0.051 1000  

Intercept2 -0.047 -0.356 0.212 903.0 0.750 

Genetic distance between A  

and BC3 

-3.031 -6.577 0.394 858.1 0.096 

Genetic distance between B and  

C4 

3.926 0.230 7.337 1121 0.028 

b) Bottom Shape  

 

Generalized linear model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Intercept2 0.493 0.155 3.183 46 0.002 

Average latitude of lineage ABC5 -0.126 0.048 -2.603 46 0.012 

Distance between lineage A and 

C6 

0.029 0.016 1.859 46 0.070 

Range overlap of A7 -0.235 0.115 -2.047 46 0.047 

Non-focal congener overlap9 -0.195 0.079 -2.467 46 0.018 

Bayesian phylogenetic mixed 

effects model1 

 

Estimate 

Lower 95% 

CI5 

Upper 95% 

CI5 

Effective 

sample size 

 

P 

Phylogeny (random effect) 0.063 0.000 0.295 692.2  

Intercept2 0.257 -0.252 0.784 762.3 0.343 

Average latitude of lineage ABC5 -0.067 -0.210 0.058 848.9 0.342 

Distance between lineage A and 

C6 

0.031 -0.015 0.074 1000 0.200 

Range overlap of A7 -0.122 -0.414 0.219 1000 0.484 

Non-focal congener overlap8 -0.174 -0.376 0.023 1158 0.092 

c) Bill Depth  

 

Generalized linear model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Intercept2 0.014 0.504 0.028 47 0.978 

Genetic distance between lineages 

B and C4 

13.03 6.543 1.991 47 0.053 

Distance between lineages A and 

C6 

-0.245 0.084 -2.932 47 0.005 
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Distance between lineages A and 

C (polynomial)9 

-0.054 0.021 -2.557 47 0.014 

Range overlap of A7 -0.951 0.021 -2.557 47 0.087 

Bayesian phylogenetic mixed 

effects model1 

 

Estimate 

Lower 95% 

CI5 

Upper 95% 

CI5 

Effective 

sample size 

 

P 

Phylogeny (random effect) 1.737 0.000 4.451 982.8  

Intercept2 -0.197 -1.766 1.288 1000 0.800 

Genetic distance between lineages 

B and C4 

8.189 -4.163 21.34 1000 0.170 

Distance between lineages A and 

C6 

-0.188 -0.348 -0.044 1000 0.014 

Distance between lineages A and 

C (polynomial)8 

-0.046 -0.083 -0.002 1000 0.032 

Range overlap of A7 -0.480 -1.620 0.685 898.3 0.442 

d) Bill length 

 

Generalized linear model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Intercept2 -9.299 5.716 -1.627 47 0.111 

Non-focal congener overlap9 -0.439 0.273 -1.607 47 0.115 

Average temperature of lineages 

ABC10 

8.758 5.366 1.632 47 0.110 

Bayesian phylogenetic mixed 

effects model1 

 

Estimate 

Lower 95% 

CI5 

Upper 95% 

CI5 

Effective 

sample size 

 

P 

Phylogeny (random effect) 0.091 0.000 0.417 1000  

Intercept2 -9.236 -20.90 1.704 1091 0.108 

Non-focal congener overlap9 -0.421 -0.925 0.154 1000 0.128 

Average temperature of lineages 

ABC10 

8.689 -1.740 19.43 1093 0.112 

e) Bill width 

 

Generalized linear model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Intercept2 0.467 0.292 1.601 46 0.116 

Genetic distance between A and 

BC3 

-5.260 3.394 -1.550 46 0.128 

Bayesian phylogenetic mixed 

effects model1 

 

Estimate 

Lower 95% 

CI5 

Upper 95% 

CI5 

Effective 

sample size 

 

P 

Phylogeny (random effect) 0.034 0.000 0.142 1000  

Intercept2 0.221 -0.471 0.928 1194 0.590 

Genetic distance between A and 

BC3 

-2.864 -10.43 5.471 1255 0.484 

      
1The Bayesian phylogenetic mixed effects model was used to test for the effects of phylogenetic 

relationships among our comparisons on our main results. N = 48 phylogenetically independent 

comparisons (fewer in some response variables due to damaged skeletons).  

Response variable = ln[(absolute value (bill measurement of lineage A – bill measurement of lineage 

B))/(absolute value (bill measurement of lineage A – bill measurement of lineage C))] 

2Intercept of the response variable > 0 indicates larger differences in bill morphological measurements in 
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sympatry, relative to allopatry 

3Tamura-Nei genetic distance between lineage A and lineages B-C, based on mitochondrial sequences 

4Tamura-Nei genetic distance between lineages B and C, based on mitochondrial sequences  

5Mean centroid latitude (area-weighted) of lineages within each comparison 

6Geographic distance between allopatric lineages, A and C  

7Relative sympatry of lineage A measured as: [(geographic area of overlap of the ranges of lineages A and 

B, in km2)/(geographic range size of lineage A, in km2)] 

8Categorical variable (yes or no); estimate of overlap by nonfocal congeners  

9Geographic distance between allopatric lineages, A and C, included as a polynomial  

10Average annual temperatures across lineages within each comparison  
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Table 2.3. Results of a supplementary test of the contribution of change in sympatry 

versus allopatry to our significant main results for (a) side shape and (b) bill depth (Table 

1).  

 

a) Side Shape  

 

Linear mixed effects model1  

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Genetic distance (A) effect2 in sympatry  -0.548 0.221 -2.475 44 0.017 

Genetic distance (A) effect2 in allopatry  -0.231 0.221 -1.043 44 0.303 

Genetic distance (BC) effect3 in sympatry 0.405 0.229 1.767 44 0.084 

Genetic distance (BC) effect3 in allopatry  -0.041 0.229 -0.179 44 0.858 

b) Bill Depth  

 

Linear mixed effects model1 

 

 

Estimate 

 

 

SE 

 

 

t 

 

 

df 

 

 

P 

Genetic distance (BC) effect3 in sympatry 0.846 0.573 1.477 43 0.147 

Genetic distance (BC) effect3 in allopatry  -0.361 0.573 -0.630 43 0.532 

Distance (AC) effect4 in sympatry -0.019 0.014 -1.411 43 0.166 

Distance (AC) effect4 in allopatry  0.017 0.137 1.240 43 0.222 

Distance (AC) effect (polynomial)5 in 

sympatry 

-0.004 0.006 -0.784 43 0.437 

Distance (AC) effect (polynomial)5 in 

allopatry 

0.012 0.006 2.092 43 0.042 

Range overlap (A) effect6 in sympatry -0.035 0.071 -0.490 43 0.627 

Range overlap (A) effect6 in allopatry 0.045 0.071 0.631 43 0.531 
1
Response variable = ln[(absolute value (bill measurement of lineage A – bill measurement of lineage 

B))/(absolute value (bill measurement of lineage A – bill measurement of lineage C))] 

2Tamura-Nei genetic distance between lineage A and lineages B-C, based on mitochondrial sequences 

3Tamura-Nei genetic distance between lineages B and C, based on mitochondrial sequences  

4Geographic distance between allopatric lineages, A and C 

5Geographic distance between allopatric lineages, A and C, binomial component of the polynomial  

6Relative sympatry of lineage A measured as: [(geographic area of overlap of the ranges of lineages A and 

B, in km2)/(geographic range size of lineage A, in km2)]
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Table 2.4. Top models1 (delta AICc < 2) for (a) bill shape (side) and (b) bill depth in our main analysis (N = 47 (for side shape) and N = 48 (for 

depth) phylogenetically independent comparisons). In each top model, blanks indicate that the predictor variable was not important for that model.  

(a) Side Shape  

Model 

Ranking 

Intercept2 Genetic 

Distance 

(A-BC)3 

Genetic 

Distance 

(B-C)4 

Mass5 Range 

Overlap 

on A6 

Temperat

ure 

(ABC)7 

df logLik AICc delta 

AICc 

Weight 

1 -0.053 -3.146 4.057    4 -5.502 20.0 0.00 0.219 

2 -0.202  2.251    3 -7.147 20.9 0.90 0.140 

3 -0.045 -3.212 4.003 -0.063   5 -4.774 21.0 1.05 0.129 

4 -0.072      2 -8.369 21.0 1.05 0.129 

5 -0.102  2.486  -0.180  4 -6.083 21.1 1.16 0.122 

6 1.437 -3.324 4.227   -1.392 5 -5.110 21.7 1.73 0.092 

7 0.026    -0.155  3 -7.614 21.8 1.83 0.088 

8 -0.073   -0.065   3 -7.694 21.9 1.99 0.081 

  

(b)   Bill Depth  

Model 

Ranking 

Intercept2 Dominance8 Genetic 

Distance 

(A-BC)3 

Genetic 

Distance 

(B-C)4 

Distance 

between 

A and C9 

Distance 

between A and 

C 

(polynomial)10 

Range 

Overlap 

on A6 

df logLik AICc delta 

AICc 

Weight 

1 0.014   13.03 -0.245 -0.054 -0.951 6 -75.06 164.2 0.00 0.275 

2 -0.490   11.44 -0.222 -0.057  5 -76.72 164.9 0.69 0.195 

3 0.143    -0.187 -0.051  4 -78.29 165.5 1.33 0.141 

4 0.174 +  13.53 -0.240 -0.052 -0.999 7 -74.36 165.5 1.33 0.141 

5 -0.013  -9.781 16.80 -0.211 -0.056  6 -75.86 165.8 1.59 0.124 

6 0.642    -0.202 -0.048 -0.802 5 -77.18 165.8 1.61 0.123 
1
Response variable = ln[(absolute value (bill measurement of lineage A – bill measurement of lineage B))/(absolute value (bill measurement of lineage A – bill measurement of 

lineage C))] 
2Intercept of the response variable > 0 indicates larger differences in bill morphological measurements in sympatry, relative to allopatry 
3Tamura-Nei genetic distance between lineage A and lineages B-C, based on mitochondrial sequences 
4Tamura-Nei genetic distance between lineages B and C, based on mitochondrial sequences  
5Mass measurements in grams 
6Realtive sympatry of lineage A measured as: [(geographic area of overlap of the ranges of lineages A and B, in km2)/(geographic range size of lineage A, in km2)] 

7Average annual temperatures across lineages within each comparison  
8Dominance data inferred by mass or based on direct observations; a “+” signifies greater divergence in sympatry relative to allopatry when lineage B was dominant  
9Geographic distance between allopatric lineages, A and C  
10Geographic distance between allopatric lineages, A and C (polynomial) 
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Table 2.5. Summary table for maxilla side shape and maxilla depth for our main analysis 

(N = 47 (for side shape) and N = 48 (for depth) phylogenetically independent 

comparisons). Predictor variables listed in the summary table are the predictors from the 

best performing models for either side shape or bill depth. 

 

c) Side Shape  

 

Predictor Variable 

 

 

More similar  

 

 

More different 

Change in 

sympatry or 

allopatry? 

Genetic distance between B and C Low values High values Sympatry  

Genetic distance between A and BC High values Low values Sympatry  

 

d) Bill Depth  

 

Predictor Variable 

 

 

 

More similar 

 

 

 

More different 

 

Change in 

sympatry or 

allopatry?  

Geographic distance between A and C Low values High values Allopatry 

Genetic distance between B and C Low values  High values Sympatry  

Range overlap of lineage A  High values Low values N/A 
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Chapter 3 

General Discussion 

 The challenges of living together in sympatry are amplified when species are 

closely related. These species should either adapt to the same local conditions, favouring 

the evolution or retention of similar traits, or minimize costly interactions such as 

competition, favouring the evolution of divergent traits (Davies et al. 2007; Bothwell et 

al. 2015). While previous studies have found evidence for trait divergence as a result of 

species interactions in diverse geographic locations (e.g., Grant and Grant 2006), we 

provide the first broad, comparative analysis to identify whether these patterns extend to 

a global scale. Specifically, we test whether bill morphology, a key ecological trait in 

birds (e.g., for food and foraging behaviours; Schluter et al. 1985; Peterson 1993; Herrel 

et al. 2005; Nebel et al. 2005; Grant and Grant 2006), differ more or less among closely 

related species in sympatry relative to allopatry, worldwide.  Identifying these patterns 

can help us to understand how closely related species are able to expand their ranges to 

live together, and thus increase diversity both regionally and locally.  

 To test our hypotheses, we measured five bill morphological traits – bill (maxilla) 

depth, length, width, side shape and bottom shape morphology – in the presence (i.e., 

sympatry) and absence (i.e., allopatry) of these potential interactions. If interactions in 

sympatry incur fitness costs between closely related species, and these costs favour the 

divergent evolution of bill morphologies, then we would expect to see more divergent bill 

morphologies among birds living in sympatry relative to allopatry. Alternatively, if 

sharing similar bill morphologies provide fitness benefits, and these benefits outweigh 

any costs of living with closely related species, then we would expect to see more similar 
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bill morphologies among birds living in sympatry relative to allopatry. The results of our 

analyses support both hypotheses: bill size was more different, whereas bill shape was 

more similar between closely related sympatric species relative to allopatric species.  

 The two measurements that showed significant differences between sympatric and 

allopatric comparisons were bill (maxilla) depth and side (maxilla) shape. Differences in 

depth measurements increased in sympatry relative to allopatry with increasing genetic 

distance between sister lineages, B and C (Fig. 2.8; see Noor method; Noor 1997). This 

finding suggests that species interactions may directly or indirectly cause fitness costs 

between closely related species in sympatry, and that diverging in bill depth is more 

advantageous than adapting to the local environment through the convergence or 

retention of similar dimensions. These results are consistent with previous work that 

argues for the importance of competition for food in driving the divergence of bill depth 

among sympatric birds (e.g., bill depth for seed consumption; Herrel et al. 2005), 

although we cannot exclude other alternative explanations for the pattern in our study. 

Our results also suggest that constraints may be acting on the divergent evolution of bill 

depth between closely related species and that these constraints decline over evolutionary 

time. We also found that differences in bill depth increased in allopatry relative to 

sympatry with increasing geographic distance between allopatric lineages, A and C (Fig. 

2.7). This second major finding is consistent with the idea of adaptation to different 

environmental conditions, reinforcing the importance of the beak as a key trait for 

adaptation in birds (Reznick and Ghalambor 2001; Herrel et al. 2005). 

 While size traits (depth) showed more differences in sympatry, measures of shape 

(side bill) showed greater similarities in sympatry, with the similarities decreasing with 
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increased genetic distance between sister taxa, B and C (Fig. 2.5). Shape can vary with 

unique features such as ridges or hooks that are used for specific foraging and food 

manipulation behaviours (Bock 1966; Peterson 1993; Moyer et al. 2002; Navarro et al. 

2009). This result suggests that the shapes of bills play in important function in local 

environments, and that this function is shared among closely related sympatric species.  

Taken together, our results support the importance of bill depth divergence as a 

potential mechanism to reduce fitness costs of competition through resource partitioning 

between closely related species and introduce side shape as a component of bill 

morphology important for local adaptation (Hrabar 2002). Previous work on other traits, 

including body size (Bothwell et al. 2014), colour patterns (Martin et al. 2015), and the 

morphology of the femur, tibiotarsus, and tarsometatarsus (Hemprich et al. in prep) in 

birds, has documented divergence among sympatric species, sometimes dependent upon 

environmental conditions such as temperature. Our results, however, are the first to 

support both broad patterns of divergence and convergence (or retention of ancestral 

traits in sympatry) in different measures of one ecological trait, bill morphology. These 

distinct patterns of trait evolution suggest that the costs of species interactions in 

sympatry influence different traits in different ways, likely dependent on their roles in 

resource partitioning, resource acquisition, and adaptation to local environments. 

 

Future research for bill morphology between closely related species 

 The bill is an important ecological trait for birds and we found evidence that only 

some aspects of its morphology consistently evolve when closely related species of birds 

live in sympatry. The lack of consistent and significant patterns with respect to bill 
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(maxilla) length, width, and bottom shape could reflect the absence of consistent patterns 

of evolution among diverse bird species, or could reflect limitations of our methods. 

While the Noor method approach is robust and controls for many potential biases, the 

approach is very restrictive, with few clades meeting the strict phylogenetic and 

biogeographic criteria for inclusion. To make matters worse, we initially had 84 

comparisons that met our criteria for our study, but only 48 comparisons had adequate 

skeletal material in museums for measurement and analyses. We hope to increase our 

sample size and strengthen our findings by identifying additional clades that fit the Noor 

method criteria using new phylogenies published since 2014. We will also pursue intact 

specimens at museums outside of North America to increase our sample size.  

Our study of bill morphology was restricted to the upper maxilla that attaches to 

the skull because the lower mandibles of specimens often warped over time. Focusing on 

the maxilla is unlikely to influence some measures of bill morphology; for example, the 

width of the maxilla and lower mandible must be similar to allow proper function of the 

bill as a whole. However, birds may achieve a deeper bill by evolving a deeper maxilla, 

lower mandible, or both. Given the strong attachment of the upper maxilla to the skull, 

we might expect the lower mandible to be less constrained to evolve, making the lower 

mandible an important trait to examine in the future. We hope to add measures of the 

depth of the lower mandible to our analyses to test this possibility, in addition to 

measures of overall bill size (measured by the area of the bill) that may be more relevant 

to temperature and water regulation than linear traits. 

Future work should also address the functional link between bill morphology and 

song. If variation in bill size (and in particular, depth) causes variation in song, then we 
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should expect song characteristics (e.g. trill rate and frequency bandwidth) to diverge 

with the divergent evolution of bill depth in sympatry (Podos et al. 2004). Such a 

relationship would be biologically significant because it would connect the evolution of a 

trait promoting ecological partitioning to the evolution of a signal involved in premating 

barriers to reproduction (Herrel et al. 2009), providing a functional link between 

ecological adaptation and speciation.  

Lastly, while we show patterns of both divergence and convergence between 

closely related species in sympatry relative to allopatry, we presently cannot identify the 

process(es) that led to these patterns. For example, divergent bill depth in sympatry could 

result from either character displacement or differential expansion, while similar bill 

shape in sympatry could result from convergent evolution, retention of ancestral traits, or 

rapid divergence in allopatry (Losos 2000; Cavender-Bares et al. 2004; Pfennig et al. 

2006; Davies et al. 2007; Losos 2008; Bravo et al. 2014). Future tests that model patterns 

of trait evolution across broader phylogenies could differentiate between these alternative 

mechanisms (e.g., GEIGER or EvoRAG; Harmon et al. 2008; Weir and Lawson 2015), 

providing important context to our results. Similarly, we do not know which selective 

pressures favour different bill depths in sympatry or among geographically distant 

lineages, or which favour similar bill shapes in sympatry. Focused and detailed studies of 

sympatric species, particularly those that illustrate broader patterns of divergence or 

convergence, would help us to identify some of the specific selective pressures that have 

led to our broader patterns across species. 

 

 



 64 

 

Summary  

1. Closely related species of birds face significant challenges when they co-occur in 

sympatry: adapting to the same local conditions while simultaneously trying to 

minimize potential costs of competition.  

2. We tested the hypothesis that sharing similar bill morphologies may incur fitness 

costs due to species interactions between closely related species of birds living in 

sympatry. If species interactions were costly, then we predicted more divergent 

bill morphologies between closely related species in sympatry relative to 

allopatry. Alternatively, if similar bill morphologies incur fitness benefits due to 

local adaptation, then we predicted more similar bill morphologies between 

closely related sympatric species relative to allopatric species. 

3. To test our predictions, we collected photographs and scans of bird skulls from 

museums across North America, representing diverse birds from around the 

world. We measured both linear measurements (bill depth, length and width) and 

shape measurements (side bill shape and bottom bill shape). We also measured 

several possible predictor variables that could influence our results, including: 

percent of range overlap (i.e., level of sympatry), mass, average annual 

temperatures, mean and lineage-specific latitudes, geographic distances between 

allopatric lineages, genetic distance between lineages, overlap of non-focal 

congeners, and interspecific dominance.  

4. We found that bill size (maxilla depth) was more different, whereas bill shape 

(side maxilla shape) was more similar, between closely related species in 

sympatry relative to allopatry. These patterns differed among comparisons, with 
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younger sister lineages showing convergence in shape and older sister lineages 

showing divergence in depth.  

5. We also found evidence that bill depth diverges among geographically distant 

allopatric lineages, suggesting local or regional adaptations of bill depth across 

species.  

6. Overall, our results support both alternative hypotheses for the evolution of bill 

morphologies in sympatry: different bill depths consistent with costs of 

interspecific interactions, and similar bill shapes reflecting local adaptation. 
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Appendix A. List of the 48 comparisons included in our study  

 

Genus Species A Species B Species C 

Amazona vinacea pretrei tucumana 

Amazona autumnalis viridigenalis finschi 

Brotogeris sanctithomae versicolurus chiriri 

Bycanistes albotibialis.cyindricus fistulator bucinator 

Calidris ruficollis.temmickii ferruginea himantopus 

Campephilus rubricollis melanoleucos gayaquilensis 

Campylorhynchus capistratus chiapensis griseus 

Cardinalis cardinalis sinuatus phoeniceus 

Cercomacra nigrescens serva tyrannina 

Chloropsis sonnerati cyanopogon palawanensis 

Ciconia nigra ciconia.boyciana maguari 

Cyanerpes caeruleus nitidus lucidus 

Dendrocincla fuliginosa merula tyrannina 

Dendrocolaptes picumnus certhia sanctithomae 

Dixiphia (Pipra) pipra erythrocephala mentalis 

Francolinus pondicerianus pictus pintadeanus 

Icterus mesomelas graceannae pectoralis 

Iridosornis jelskii reinhardti rufivertex 

Lamprotornis purpureus chalcurus nitens 

Lepidothrix coronata suavissima serena 

Lophura nycthemera edwardsi swinhoii 

Malurus lamberti melanocephalus alboscapulatus 

Melaenornis (Bradornis) infuscatus mariquensis microrhynchus 

Melozone (Pipilo) fuscus aberti crissalis 

Mino anais dumontii kreffti 

Oriolus larvatus percivali nigripennis 

Paroaria capitata.gularis coronata dominicana 

Peucaea (Aimophila) ruficauda humeralis mysticalis 

Philydor atricapillus contaminatus pyrrhodes 

Picoides arcticus dorsalis tridactylus 

Pionus menstruus chalcopterus senilis 

Poecile (Parus) atricapillus gambeli sclateri 

Pteroptochos megapodius castaneus tarnii 

Ptilinopus occipitalis leclancheri jambu 

Quiscalus mexicanus nicaraguensis lugubris 

Ramphocelus carbo nigrogularis dimidiatus 

Sporophila torqueola funereus angolensis 

Synallaxis ruficapilla spixi hypospodia 

Tachycineta bicolor thalassina cyaneoviridis.euchrysea 

Tangara vassorii nigroviridis dowi 

Tangara chilensis.callophrys mexicana inornata 

Tockus flavirostris deckeni leucomelas 

Todus subulatus angustirostris multicolor 

Toxostoma curvirostre longirostre rufum 

Turdus leucomelas fumigatus hauxwelli 

Turdus jamaicensis aurantius plumbeus 

Veniliornis passerinus affinis nigriceps 

Xiphorhynchus elegans ocellatus pardalotus 
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Appendix B. Equation for calculating Procrustes Distance 

Formulas to calculate Procrustes distance between shapes using the Procrustes 

superimposition method (Zelditch et al. 2004), and an example calculation for two 

shapes, A and B, with three landmarks each (K=3) and two coordinates (X and Y 

coordinates; M=2). In this example, shape A is the reference and shape B is the target. 

 

A = [
𝐴𝑋1 𝐴𝑌1

𝐴𝑋2 𝐴𝑌2

𝐴𝑋3 𝐴𝑌3

]     B = [
𝐵𝑋1 𝐵𝑌1

𝐵𝑋2 𝐵𝑌2

𝐵𝑋3 𝐵𝑌3

] 

 

1. Calculate centroid position for shapes by calculating X and Y centroid coordinate for 

both A and B shapes as follows, where j is the number of x and y coordinates present 

in matrix: 

 

For shape A: 

 𝐴𝑋𝑐 =
1

𝐾
∑ 𝐴𝑋𝑗

𝐾

𝑗=1

                            𝐴𝑌𝑐 =
1

𝐾
∑ 𝐴𝑌𝑗

𝐾

𝑗=1

 

 

For shape B: 

𝐵𝑋𝑐 =
1

𝐾
∑ 𝐵𝑋𝑗

𝐾

𝑗=1

                            𝐵𝑌𝑐 =
1

𝐾
∑ 𝐵𝑌𝑗

𝐾

𝑗=1

 

 

2. Center the configuration matrix for both shapes:  

Acentered = [

(𝐴𝑋1 − 𝐴𝑋𝐶) (𝐴𝑌1 −  𝐴𝑌𝐶)
(𝐴𝑋2 − 𝐴𝑋𝐶) (𝐴𝑌2 − 𝐴𝑌𝐶)
(𝐴𝑋3 −  𝐴𝑋𝐶) (𝐴𝑌3 − 𝐴𝑌𝐶)

] = [
𝐴𝑋𝐶1 𝐴𝑌𝐶1

𝐴𝑋𝐶2 𝐴𝑌𝐶2

𝐴𝑋𝐶3 𝐴𝑌𝐶3

] 

 

Bcentered = [

(𝐵𝑋1 − 𝐵𝑋𝐶) (𝐵𝑌1 −  𝐵𝑌𝐶)

(𝐵𝑋2 − 𝐵𝑋𝐶) (𝐵𝑌2 −  𝐵𝑌𝐶)
(𝐵𝑋3 −  𝐵𝑋𝐶) (𝐵𝑌3 −  𝐵𝑌𝐶)

] = [

𝐵𝑋𝐶1 𝐵𝑌𝐶1

𝐵𝑋𝐶2 𝐵𝑌𝐶2

𝐵𝑋𝐶3 𝐵𝑌𝐶3

] 

 

 

 



 78 

 

3. Scale both shapes to a centroid size = 1 

Ascaled = √𝐴𝑋𝐶1
2 +  𝐴𝑋𝐶2

2 + 𝐴𝑋𝐶3
2 + 𝐴𝑌𝐶1

2 + 𝐴𝑌𝐶2
2 + 𝐴𝑌𝐶3

2 

Bscaled = √𝐵𝑋𝐶1
2 +  𝐵𝑋𝐶2

2 + 𝐵𝑋𝐶3
2 + 𝐵𝑌𝐶1

2 + 𝐵𝑌𝐶2
2 + 𝐵𝑌𝐶3

2 

 

4. Calculate pre-shape matrices to use for rotating shapes (centered coordinates dividing 

by centroid size): 

 

Apreshape = 
1

𝐴𝑠𝑐𝑎𝑙𝑒𝑑
[
𝐴𝑋𝐶1 𝐴𝑌𝐶1

𝐴𝑋𝐶2 𝐴𝑌𝐶2

𝐴𝑋𝐶3 𝐴𝑌𝐶3

] 

Bpreshape = 
1

𝐵𝑠𝑐𝑎𝑙𝑒𝑑
[
𝐵𝑋𝐶1 𝐵𝑌𝐶1

𝐵𝑋𝐶2 𝐵𝑌𝐶2

𝐵𝑋𝐶3 𝐵𝑌𝐶3

] 

 

5. Find the angle of rotation needed to minimize differences between two shapes 

 

𝜃 =  𝑎𝑟𝑐𝑡𝑎𝑛𝑔𝑒𝑛𝑡 (
∑ 𝐵𝑌𝐵𝑗𝐴𝑋𝐴𝑗  −  𝐵𝑋𝐵𝑗𝐴𝑌𝐴𝑗

𝐾
𝑗=1

∑ 𝐵𝑋𝐵𝑗𝐴𝑋𝐴𝑗 + 𝐵𝑌𝐵𝑗𝐴𝑌𝐴𝑗
𝐾
𝑗=1

) 

 

6. Rotate coordinates of target shape (B) to minimize differences to reference shape (A), 

using Bpreshape coordinates. 

 

Bpre-shape, rotated = 

[

(𝐵𝑋1,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ) − (𝐵𝑌1,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) (𝐵𝑋1,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) + (𝐵𝑌1,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ)

(𝐵𝑋2,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ) − (𝐵𝑌2,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) (𝐵𝑋2,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) + (𝐵𝑌2,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ)

(𝐵𝑋3,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ) − (𝐵𝑌3,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) (𝐵𝑋3,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑠𝑖𝑛θ) + (𝐵𝑌3,𝑝𝑟𝑒𝑠ℎ𝑎𝑝𝑒𝑐𝑜𝑠θ)

] 
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7. Find the partial Procrustes distance between shape A and shape B using Apreshape 

coordinates and Bpreshape, rotated coordinates 

 

Dp = [(Bpreshape, rotatedBX1 - ApreshapeAX1)
2 + (Bpreshape, rotatedBX2 - ApreshapeAX2)

2 + 

(Bpreshape,rotatedBX3 - ApreshapeAX3)
2 + (Bpreshape, rotatedBY1 - ApreshapeAY1)

2 + 

(Bpreshape, rotatedBY2 - ApreshapeAY2)
2 + (Bpreshape, rotatedBY3 - ApreshapeAY3)

2]1/2 

 

 

8. Find p 

p = 2arcsin(
𝐷𝑝

2
) 

 

9. Calculate full Procrustes distance 

Df = sin(p) 
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Appendix C. Genbank accession numbers for sequences used to calculate genetic 

distance in our 48 comparisons 

 

The Genbank accession numbers are: Francolinus (cytb; FR691632, EU165707, 

NC_011817, AF013762), Lophura (cytb; AF314644, AF314640, AF314638, 

AF534558, AF534557, NC_012895, AF314643, EU417810), Ciconia (cytb; 

NC_002196, NC_002197, DQ485896, AY567910, AY567909, U70822, AB026193, 

AB026818), Calidris (cytb; FJ499023, EF373131, EF373143, AY156160), 

Brotogeris (cytb; FJ652902, FJ652901, FJ652900, FJ652899, FJ652898, FJ652897, 

FJ652896, FJ652895, FJ652859, FJ652858, FJ652857, FJ652856, FJ652854, 

FJ652853, FJ652852, FJ652851, FJ652850, AF370777, AF370776), Amazona 

autumnalis-viridigenalis-finschi (cytb; AY283456, AY283455, AY283453, 

AY283452, AY283451, AY283461), Amazona vinacea-pretrei-tucumana (COI; 

AY301459, AY301457, AY301462), Todus (cytb; AF441615, AF441616, 

AF441617, AF441618, AF441619, AF441620, AF441621, AF441622, AF441623, 

AF441624, AF441625, AF441626, AF441627, AF441628, AF441629, U89186, 

AF407450), Tockus (cytb; KC754875, AF346931, AF346930, AF346933, 

AF346932, KC754885), Bycanistes (cytb; KC754809, KC754810, KC754806, 

KC754812, AF346923, AF346922, AF346921, AF346920, AF346919), Picoides 

(cytb; AF389305, AF389304, AF425070, AF425067, AF425064, AF425058, 

AF425055, AF425052, AF425049, AF425046, AF389331, AF389330, AY863147, 

AY701066), Veniliornis (cytb; AY927220, AY927219, AY927209, AY942893, 

AF389337), Campephilus (cytb; DQ521895, DQ521894, AY940798), Dendrocincla 
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(cytb; GU215186, GU215182, GU215181, GU215184, GU215180, GU215179, 

GU215178, GU215177, AY442986, AY442985, AY065713), Dendrocolaptes (cytb; 

GU215187, JF276383, JF276381, JF276384, JF276382, JF276385, AY442991, 

AY089817, EF212896, EF212895), Xiphorhynchus (ND2; KF001185.1, JF975353.1, 

KF705465.1, JQ446014.1, KF001212.1, KF001203.1, KF001202.1), Cercomacra 

(cytb; HM637182, DQ294490, HM637188, GU215217, HM637187, HM637186, 

EF639940, EF639941, GU215216, GU215218, GU215219, GU215220), 

Pteroptochos (COII; AF111826, AF111825, AF111824, AF111821, AF111820, 

AF111819, AF111818), Malurus (ND2; GU825874, EU144238, EF621357, 

AY488326, JF967669), Oriolus (ND2; GQ901764, GQ901767, GQ901775), 

Tachycineta (cytb; GU460236, AY052451, AY052449, AY052450), 

Campylorhynchus (cytb; DQ004889, DQ004888, DQ004884, DQ004882), 

Toxostoma (cytb; AF130235, AF130237, DQ241266, DQ241262, DQ241251), Mino 

(ND2; DQ466868, DQ469044, DQ469045, DQ469047, DQ469048, DQ469049, 

DQ469050, EF468160, EF468161, DQ469046), Turdus (cytb; EU154627, 

DQ910956, EU154623, DQ910951, EU154634, DQ910960, EU154628, DQ910957, 

EU154616, DQ910945, DQ910949, EU154620, EU154625, DQ910954, EU154604, 

DQ910936, EU154659, EU154658, DQ910984), Melaenornis (cytb; AY329450, 

AY329463, HM633325, HM633395), Chloropsis (cytb; JX445233, JX445234, 

JX445235, JX445236, JX445202, JX445201, JX445200, JX445199, JX445198, 

JX445228, JX445227, JX445226), Icterus (cytb; AF089033, AF099301, AF099300, 

AF089030, AF310064, AF099304), Quiscalus (cytb; AF089056, GU215210, 

FJ389570, AF089054, GU215209, GU215208, GU215211, FJ389558), Peucaea 
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(cytb; FJ547265, FJ547264, FJ547263, FJ547266), Melozone (cytb; AF314644, 

EU325776, FJ547262, EF529937), Paroaria (cytb; EU647990, EU647989, 

EU647988, FJ715681, FJ715672, FJ715671, FJ715670, FJ715664, FJ715663, 

FJ715662), Ramphocelus (cytb; FJ799881, EF529964, U15721, U15723, GU215320, 

AF310048), Tangara chilensis-callophrys-velia-mexicana-inornata (cytb; 

AY383110.1, AF489897.1, AY383109.1, AY383107.1, AY383158.1, EF529973.1, 

AY383157.1, AY383141.1, AY383140.1, GU215355.1, GU215354.1, AY383134.1), 

Tangara vassorii-nigroviridis-dowi-fucosa (cytb; AY383156.1, AY383145.1, 

AY383144.1, AY383121.1, AY383125.1), Cyanerpes (cytb; GU215303, GU215298, 

GU215296, AF006225, AY190167, GU215302), Cardinalis (cytb; EU325777, 

EF530009, EF530008, EF530007), Iridosornis (cytb; EU647982.1, JN810093.1, 

EU647985.1, JN810094.1), Lepidothix (ND2; KF228532.1, KJ810377.1, 

KF228536.1), Poecile (ND2; KF183899.1, KF183901.1, KF183900.1, KF183902.1), 

Philydor (ND2; JF975305.1, JF975325.1, JF975307.1, KC835405.1), Pionus (cytb; 

FJ899166.1, AY283496.1, EF517621.1, AY661240.1, EF517618.1, EF517617.1, 

U89179.1), Dixiphia (cytb; AY352534.1, EF633402.1, DQ294491.1), Ptilinopus 

(ND2; KF446749.1, KF446682.1, KF446679.1, KF446683.1, KF446730.1, 

KF446725.1), Sporophila (cytb; JN810151.1, EU442351.1, GU215318.1, 

GU215317.1, EU442354.1, GU215316.1, GU215315.1, KP965517.1), Synallaxis 

(ND2; KC437506.1, KC437500.1, KC437499.1, KC437518.1, JF975195.1, 

JF975196.1), Lamprotornis (ND2; EF468124.1,  EF468240.1, 

EF468238.1,  EF468122.1, EF468121.1).  
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Appendix D. Relative dominance of sympatric species (lineage A or B) based on direct observations or inferred by mass, and published 

evidence that sympatric lineages co-occur at some of the same sites within their area of sympatry, and thus have the potential to interact.  

Genus 

Comparison Dom.1 Reference 

Co-

occur?2 Reference 

Amazona1 A inferred from differences in body mass yes 

Bodrati, A. and K. Cockle. 2006. New records of rare and threatened birds from the Atlantic 

Forest of Misiones, Argentina. Cotinga 26:20-24; Cockle, Kristina L., and Alejandro 

Bodrati. 2011. Vinaceous-breasted Parrot (Amazona vinacea), Neotropical Birds Online (T. 

S. Schulenberg, Editor). Ithaca: Cornell Lab of Ornithology; retrieved from Neotropical 

Birds Online: http://neotropical.birds.cornell.edu/portal/species/overview?p_p_spp=199736 

Amazona2 A inferred from differences in body mass yes 

Enkerlin-Hoeflich, E.C. 1995. Comparative ecology and reproductive biology of three 

species of Amazona parrots in northeastern Mexico. PhD dissertation, Texas A&M 

University, College Station, Texas, USA. 

Meleanornis A inferred from differences in body mass yes 

Harrison, J.A., D.G. Allan, L.G. Underhill, M. Herrmans, A.J. Tree, V. Parker, and C.J. 

Brown. 1997. The Atlas of Southern African Birds. Vols 1 and 2. BirdLife South Africa, 

Johannesburg, South Africa. 

Brotogeris A inferred from differences in body mass yes 

T.A. Parker, III recordings; http://macaulaylibrary.org/audio/45598, 

http://macaulaylibrary.org/audio/45907, http://macaulaylibrary.org/audio/45913 

Bycanistes A 

Brosset, A., and C. Erard. 1986. Les oiseaux 

des régions forestières du nord-est du Gabon. 

Vol. 1. Écologie et comportement des espèces. 

Société Nationale de Protection de la Nature, 

Paris, France. yes 

Brosset, A., and C. Erard. 1986. Les oiseaux des régions forestières du nord-est du Gabon. 

Vol. 1. Écologie et comportement des espèces. Société Nationale de Protection de la Nature, 

Paris, France. 

Calidris B inferred from differences in body mass yes 

Barter, M.A., Z.W. Li, and J.L. Xu. 2001. Shorebird numbers on the Tianjin Municipality 

coast in May 2000. Stilt 39:2-9; Sciborski, M., W. Meissner, R. Krupa, R. Wlodarczyk, K. 

Kaczmarek, R. Bargiel, A. Wojciechowski, A. Raniczkowska, R. Kozik, and J. Pietrasik. 

2005. Fieldwork results of wader research stations working in Poland in 2002-2003. Ring 

27:93-99. 

Campephilus B inferred from differences in body mass yes 

Ridgely, R.S. and P.J. Greenfield. 2001. The birds of Ecuador. Status, distribution and 

taxonomy. Cornell University Press, Ithaca, NY, USA. 

Campylorhynchus B inferred from differences in both mass, but no published reference documenting co-occurrence  

Cardinalis A 

Tweit, R.C. and C.W. Thompson. 1999. 

Pyrrhuloxia (Cardinalis sinuatus), The Birds 

of North America Online (A. Poole, Ed.). 

Ithaca: Cornell Lab of Ornithology; Retrieved 

from the Birds of North America Online: 

http://bna.birds.cornell.edu/bna/species/391 yes 

Gould, P.J. 1960. Territorial relationships between Cardinals and Pyrrhuloxias. MSc. thesis, 

University of Arizona, Tucson, Arizona, USA. 

Cercomacra B inferred from differences in body mass yes 

Ridgely, R.S. and P.J. Greenfield. 2001. The birds of Ecuador. Status, distribution and 

taxonomy. Cornell University Press, Ithaca, NY, USA. 
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Chloropsis A inferred from differences in body mass yes 

Lambert, F. 1989. Fig-eating by birds in a Malaysian lowland rain forest. Journal of Tropical 

Ecology 5:401-412; Sreekar, R., N.T.P. Le, and R.D. Harrison. 2010. Vertebrate assemblage 

at a fruiting fig (Ficus caulocarpa) in Maliau basin, Malaysia. Tropical Conservation 

Science 3:218-227; Noramly, G. and E. Idek. 2010. Avifauna of Ginseng Camp, Maliau 

Basin, Sabah, Malaysia. Journal of Tropical Biology and Conservation 6:49-53. 

Ciconia B inferred from differences in body mass yes 

Schröder, P. and G. Burmeister. 1995. Der Schwarzstorch. Spektrum Akademischer Verlag, 

Heidelberg, Germany. 

Cyanerpes A inferred from differences in body mass yes 

Ridgely, R.S. and G. Tudor. 1989. The birds of South America. Volume I. The oscine 

passerines. University of Texas Press, Austin, Texas, USA; Hilty, S.L. 2003. Birds of 

Venezuela. Second edition. Princeton University Press, Princeton, NJ, USA. 

Dendrocincla B 

Willis, E. O. 1979. Behavior and ecology of 

two forms of White-chinned Woodcreepers 

(Dendrocincla merula, Dendrocolaptidae) in 

Amazonia. Papéis Avulsos de Zoologia 33:27-

66; Pierpoint, N. 1986. Interspecific 

aggression and the ecology of woodcreepers 

(Aves: Dendrocolaptidae). Dissertation, 

Princeton University, Princeton, NJ, USA.  yes 

Willis, E. O. 1979. Behavior and ecology of two forms of White-chinned Woodcreepers 

(Dendrocincla merula, Dendrocolaptidae) in Amazonia. Papéis Avulsos de Zoologia 33:27-

66; Pierpoint, N. 1986. Interspecific aggression and the ecology of woodcreepers (Aves: 

Dendrocolaptidae). Dissertation, Princeton University, Princeton, NJ, USA.  

Dendrocolaptes A 

Willis, E. O. 1982. The behavior of Black-

banded Woodcreepers (Dendrocolaptes 

picumnus). Condor 84:272-285; Willis, E. O. 

1992. Comportamiento e ecologia do arapacu-

barrado Dendrocolaptes certhia (Aves: 

Dendrocolaptidae). Boletim do Museu 

Paraense Emílio Goeldi, Série Zoologia 8: 

151–216; Pierpoint, N. 1986. Interspecific 

aggression and the ecology of woodcreepers 

(Aves: Dendrocolaptidae). Dissertation, 

Princeton University, Princeton, NJ, USA. yes 

Willis, E. O. 1982. The behavior of Black-banded Woodcreepers (Dendrocolaptes 

picumnus). Condor 84:272-285; Willis, E. O. 1992. Comportamiento e ecologia do arapacu-

barrado Dendrocolaptes certhia (Aves: Dendrocolaptidae). Boletim do Museu Paraense 

Emílio Goeldi, Série Zoologia 8: 151–216; Pierpoint, N. 1986. Interspecific aggression and 

the ecology of woodcreepers (Aves: Dendrocolaptidae). Dissertation, Princeton University, 

Princeton, NJ, USA. 

Dixiphia  B inferred from differences in body mass yes 

Borges, S.H. 2004. Species poor but distinct: bird assemblages in white sand vegetation in 

Jaú National Park, Brazilian Amazon. Ibis 146:114-124; Loiselle, B.A., P.G. Blendinger, 

J.G. Blake, and T.B. Ryder. 2007. Ecological redundancy in seed dispersal systems: a 

comparison between manakins (Aves: Pipridae) in two tropical forests. Pages 178-195 in 

A.J. Dennis et al. (editors). Seed dispersal: theory and its application in a changing world. 

CAB International, Wallingford, UK. 

Francolinus B inferred from differences in body mass yes 

Kushwaha Shubhda, C. and S. Kulkarni Neelima. 2013. Bird diversity of Betawade, Thane, 

a natural urban habitat. National Conference on Biodiversity: Status and Challenges in 

Conservation - ‘FAVEO’ 2013:39-46; Damahe, P.H.D., Mahajan, A., P. Lad, V. Ingole, M. 

Khode, R. Kasambe, and J. Wadatkar. 2012. Checklist of birds of Mahendri Reserve Forest, 

Amravati, Maharashtra. Newsletter for Birdwatchers 52:17-23. 

Icterus A inferred from differences in body mass yes 

Ridgely, R.S. and P.J. Greenfield. 2001. The birds of Ecuador. Status, distribution and 

taxonomy. Cornell University Press, Ithaca, NY, USA. 
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Iridosornis B inferred from differences in body mass yes 

Ridgely, R.S. and G. Tudor. 1989. The birds of South America. Volume I. The oscine 

passerines. University of Texas Press, Austin, Texas, USA; Hilty, S.L. 2003. Birds of 

Venezuela. Second edition. Princeton University Press, Princeton, NJ, USA. 

Lamprotornis A inferred from differences in body mass yes 

Radleya, P.M. and G. Campbell. 2008. Birds of Fazao-Malfakassa National Park, including 

the first record for Togo of White-browed Forest Flycatcher. Bulletin of the African Bird 

Club 15:203-213; Guilherme, J.L. 2014. Birds of the Boé region, south-east Guinea-Bissau, 

including the first country records of Chestnut-backed Sparrow. Bulletin of the African Bird 

Club 21:155-168; Dowsett-Lemaire, F. and R.J. Dowsett. 2009. Exploration of Digya 

National Park, Ghana (January 2005, March 2008 and March 2009), with special reference 

to birds. Dowsett-Lemaire Misc. Rep. 57: 24 pp. 

Lepidothrix B inferred from differences in body mass no 

Elevational separation (but some overlap?) Santos, M.P.D. 2005. Avifauna do Estado de 

Roraima: biogeografia e conservação. PhD dissertation, Universidade Federal do Pará, Pará, 

Brazil. 

Lophura A inferred from differences in body mass yes 

Eames, J.C., F.R. Lambert, and N. Cu. 1994. A survey of the Annamese Lowlands, 

Vietnam, and its implications for the conservation of Vietnamese and Imperial Pheasants 

Lophura hatinhensis and L. imperialis. Bird Conservation International 4:343-382. 

Malurus A inferred from differences in body mass yes 

Higgins, P.J., J.M. Peter, and W.K. Steele. (eds.) 2001. Handbook of Australian, New 

Zealand and Antarctic birds. Volume 5: Tyrant-flycatchers to chats. Oxford University 

Press, Melbourne, Australia.  

Pipilo B inferred from differences in body mass yes Marshall, J.T., Jr. 1960. Interrelations of Abert and Brown towhees. Condor 62:49-64. 

Mino B inferred from differences in body mass yes 

Pearson, D.L. 1975. Survey of the birds of a lowland-forest plot in the east Sepik district, 

Papua New Guinea. Emu 75:175-177; Bell, H.L. 1984. A bird community of lowland 

rainforest in New Guinea. 6. Foraging ecology and community structure of the avifauna. 

Emu 84:142-158. 

Oriolus B inferred from differences in body mass yes 

Short, L.L. and J.F.M. Horne. 2005. The avifauna of an upland seasonal woodland in central 

Kenya: ecology, behavior, breeding. Bonner Zoologische Monographien 53. 

Paroaria B inferred from differences in body mass yes 

Paetzold, V. and E. Querol. 2008. Avifauna urbana do município de Uruguaiana, RS, Brasil 

(resultados parciais). Biodiversidade Pampeana 6:40-45; Reales, C., G. Urich, N. Deshayes, 

J. Medrano, V. Alessio, E. Leon, A. Beltzer, and M. Quiroga. 2009. Contribución al 

conocimiento de los gremios tróficos en un ensamble de aves de cultivo del Paraná medio. 

FAVE Sección Ciencias Veterinarias 8:57-65. 

Poecile A 

Minock, M.E. 1972. Interspecific aggression 

between Black-capped and Mountain 

chickadees at winter feeding stations. Condor 

74:454-461. yes 

Minock, M.E. 1972. Interspecific aggression between Black-capped and Mountain 

chickadees at winter feeding stations. Condor 74:454-461. 

Aimophila A inferred from differences in body mass yes 

Ornelas, J.F., M. del Coro Arizmendi, L. Márquez-Valdelamar, M. de Lourdes Navarijo, and 

H.A. Berlanga. 1993. Variability profiles for line transect bird censuses in a tropical dry 

forest in Mexico. Condor 95:422-441; Zimmerman, D.A. and G.B. Harry. 1951. Summer 

birds of Autlan, Jalisco. Wilson Bulletin 63:302-314; Almazán-Núñez, R.C., O. Nova-

Muñoz, and A. Almazán-Juárez. 2007. Avifauna de Petatlán en la Sierra Madre del Sur, 

Guerrero, México. Universidad y Ciencia 23:141-149. 
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Philydor A inferred from differences in body mass yes 

Donatelli, R.J., C.D. Ferreira, and T.V.V. da Costa. 2011. Avian communities in woodlots in 

Parque das Neblinas, Bertioga, São Paulo, Brazil. Revista Brasileira de Biociências, 9:187-

199. 

Picoides A 

Gibbon, R.S. 1966. Observations on the 

behavior of nesting Three-toed Woodpeckers 

Picoides tridactylus in central New 

Brunswick. Canadian Field-Naturalist 80:223-

226; Short, L.L. 1974. Habits and interactions 

of North American Three-toed Woodpeckers 

(Picoides arcticus and Picoides tridactylus). 

American Museum Novitates 2547:1-42. yes 

Gibbon, R.S. 1966. Observations on the behavior of nesting Three-toed Woodpeckers 

Picoides tridactylus in central New Brunswick. Canadian Field-Naturalist 80:223-226; 

Short, L.L. 1974. Habits and interactions of North American Three-toed Woodpeckers 

(Picoides arcticus and Picoides tridactylus). American Museum Novitates 2547:1-42. 

Pionus A inferred from differences in body mass yes 

Leck, C.F. 1979. Avian extinctions in an isolated tropical wet-forest preserve, Ecuador. The 

Auk 96:343-352; Arbeláez-Cortés, E., O.H. Marín-Gómez, D. Duque-Montoya, P.J. 

Cardona-Camacho, L.M. Renjifo, and H.F. Gómez. 2011. Birds, Quindío Department, 

Central Andes of Colombia. Check List 7:227-247; Cuervo, A.M., P.C. Pulgarín, D. 

Calderón-F, J.M. Ochoa-Quintero, C.A. Delgado-V, A. Palacio, J.M. Botero, and W.A. 

Múnera. 2008. Avifauna of the northern Cordillera Central of the Andes, Colombia. 

Ornitologia Neotropical 19:495-515. 

Pteroptochos B inferred from differences in body mass, but no published reference documenting co-occurrence  

Ptilinopus A inferred from differences in body mass yes 

Heindi, M. and E. Curio. 1999. Observations of frugivorous birds at fruit-bearing plants in 

the North Negros Forest Reserve, Philippines. Ecotropica 5:167-181. 

Quiscalus A inferred from differences in body mass yes 

Slud, P. 1964. The birds of Costa Rica. Distribution and ecology. Bulletin of the American 

Museum of Natural History 128:1-430; Stiles, F.G. and A.F. Skutch. 1989. A guide to the 

birds of Costa Rica. Cornell University Press, Ithaca, New York, USA. 

Ramphocelus B 

Lebbin, D.J. 2008. Aggressive interactions and 

preliminary evidence for reversed sexual 

dominance in Ramphocelus tanagers. 

Ornitologia Neotropical 19:329-334. yes 

Lebbin, D.J. 2008. Aggressive interactions and preliminary evidence for reversed sexual 

dominance in Ramphocelus tanagers. Ornitologia Neotropical 19:329-334. 

Sporophila B inferred from differences in body mass yes 

Kricher, J.C. and W.E. Davis, Jr. 1998. Species richness and site fidelity among resident 

Neotropical birds. Southwestern Naturalist 43:228-233; Piaskowski, V.D., M. Teul, K.M. 

Williams, and R.N. Cal. 2006. Birds of the Sibun riverine forest, Belize. Ornitologia 

Neotropical 17:333-352; Eisenmann, E. 1957. Notes on birds of the province of Bocas del 

Toro, Panama. Condor 59:247-262. 

Synallaxis B inferred from differences in body mass yes 

dos Anjos, L. 2001. Bird communities in five Atlantic forest fragments in southern Brazil. 

Ornitologia Neotropical 12:11-27; Willis, E.O. 2003. Birds of a eucaliptos woodlot in 

interior São Paulo. Brazilian Journal of Biology 63:141-158; Faria, C. and M. Rodrigues. 

2009. Birds and army ants in a fragment of the Atlantic Forest of Brazil. Journal of Field 

Ornithology 80:328-335. 

Tachycineta A 

Sclater, W.H. 1912. A history of the birds of 

Colorado. Witherby and Co., London, UK; 

Gillis, E. 1989. Western Bluebirds, Tree 

Swallows and Violet-green Swallows west of 

the Cascade Mountains in Oregon, yes 

Sclater, W.H. 1912. A history of the birds of Colorado. Witherby and Co., London, UK; 

Gillis, E. 1989. Western Bluebirds, Tree Swallows and Violet-green Swallows west of the 

Cascade Mountains in Oregon, Washington and Vancouver Island, British Columbia. Sialia 

11:127-130; Corman, T.E. 2005. Tree Swallow. Pages 372-373 in Corman, T.E. and C. 

Wise-Gervais (eds.). Arizona Breeding Bird Atlas. University of New Mexico Press, 
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Washington and Vancouver Island, British 

Columbia. Sialia 11:127-130; Corman, T.E. 

2005. Tree Swallow. Pages 372-373 in 

Corman, T.E. and C. Wise-Gervais (eds.). 

Arizona Breeding Bird Atlas. University of 

New Mexico Press, Albuquerque, New 

Mexico, USA; see also Robertson, R.J., B.J. 

Stutchbury, and R.R. Cohen. 1992. Tree 

Swallow (Tachycineta bicolor), The Birds of 

North America Online (A. Poole, Ed.). Ithaca: 

Cornell Lab of Ornithology; Retrieved from 

the Birds of North America Online: 

http://bna.birds.cornell.edu/bna/species/011. 

Albuquerque, New Mexico, USA; see also Robertson, R.J., B.J. Stutchbury, and R.R. 

Cohen. 1992. Tree Swallow (Tachycineta bicolor), The Birds of North America Online (A. 

Poole, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved from the Birds of North America 

Online: http://bna.birds.cornell.edu/bna/species/011. 

Tangara1 A inferred from differences in body mass yes 

Poulsen, B.O. 1996. Structure, dynamics, home range and activity pattern of mixed-species 

bird flocks in a montane alder-dominated secondary forest in Ecuador. Journal of Tropical 

Ecology 12:333-343; Salazar-Ramírez, L.F., D.M. Pineda-Gómez, J.V. Estévez Varón, and 

G.J. Castaño-Villa. 2014. Riqueza y abundancia de aves frugívoras y nectarívoras en una 

plantación de aliso (Alnus acuminata) y un bosque secundario en los Andes Centrales de 

Colombia. Boletín Científico Centro de Museos, Museo de Historia Natural 18:67-77; 

Moynihan, M. 1979. Geographic variation in social behavior and in adaptations to 

competition among Andean birds. Publications of the Nuttall Ornithological Club, No. 18. 

Tangara2 A inferred from differences in body mass yes 

Munn, C.A. 1985. Permanent canopy and understory flocks in Amazonia: species 

composition and population density. Pages 683-712 in P.A. Buckley, M.S. Foster, E.S. 

Morton, R.S. Ridgely, and F.G. Buckley (editors), Neotropical Ornithology. Ornithological 

Monographs number 36. American Ornithologists' Union, Washington, DC, USA. 

Tockus A inferred from differences in body mass yes 

Anne, O. and E. Rasa. 1983. Dwarf mongoose and hornbill mutualism in the Taru Desert, 

Kenya. Behavioral Ecology and Sociobiology 12:181-190; Wilhelmi, F.K. and H.Y. 

Kaariye. Bird observation in the Ogaden Region Somali Regional State, /Ethiopia A 

Contribution to the Identification of Important Bird Areas. http://awwp.alwabra.com/wp-

content/uploads/2014/04/Bird-observation-in-the-Ogadin-Ethiopia-28.09.06.pdf 

Todus A inferred from differences in body mass yes 

Latta, S.C., and J.M. Wunderle. 1996. Ecological relationships of two todies in Hispaniola: 

effects of habitat and flocking. Condor 98: 769-779; Overton, L.C. 2011. Broad-billed Tody 

(Todus subulatus), Neotropical Birds Online (T. S. Schulenberg, Editor). Ithaca: Cornell Lab 

of Ornithology; retrieved from Neotropical Birds Online: 

http://neotropical.birds.cornell.edu/portal/species/overview?p_p_spp=26534 

Toxostoma A inferred from differences in body mass yes 

Fischer, D.H. 1979. Comparative ecology of the thrashers, Toxostoma, of south Texas. MSc 

Thesis, Texas A&M University, College Station, TX, USA; Fischer, D.H. 1981. Wintering 

ecology of thrashers in southern Texas. Condor 83:340-346. 

Turdus1 B inferred from differences in body mass yes 

Oniki, Y., T.A. de Melo Júnior, E.T. Scopel, and E.O. Willis. 1994. Bird use of Cecropia 

(Cercropiaceae) and nearby trees in Espirito Santo State, Brazil. Ornitologia Neotroipcal 

5:109-114; Guix, J.C. 2007. The role of alien plants in the composition of fruit-eating bird 

assemblages in Brazilian urban ecosystems. Orsis: Organismes i Sistemes 22:87-104; Ruiz-

Esparza, J., C.S. dos Santos, M.A. da Cunha, D.P.B. Ruiz-Esparza, P.A. da Rocha, R. 

Beltrão-Mendes, and S.F. Ferrari. 2015. Diversity of birds in the Mata do Junco State 
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Wildlife Refuge, a remnant of the Atlantic Forest of Northeastern Brazil. Check List 

11:1647. 

Turdus2 B 

inferred from differences in body mass; 

consistent with two direct observations of 

aggression: Cruz, A. 1974. Assemblages of 

Jamaican birds. Condor 76:103-107; Cruz, A. 

1981. Bird activity and seed dispersal of a 

montane forest tree (Dunalia arborescens) in 

Jamaica. Biotropica 13:34-44. yes 

Cruz, A. 1974. Assemblages of Jamaican birds. Condor 76:103-107; Cruz, A. 1981. Bird 

activity and seed dispersal of a montane forest tree (Dunalia arborescens) in Jamaica. 

Biotropica 13:34-44. 

Veniliornis B inferred from differences in body mass yes 

Munn, C.A. 1985. Permanent canopy and understory flocks in Amazonia: species 

composition and population density. Pages 683-712 in P.A. Buckley, M.S. Foster, E.S. 

Morton, R.S. Ridgely, and F.G. Buckley (editors), Neotropical Ornithology. Ornithological 

Monographs number 36. American Ornithologists' Union, Washington, DC, USA. 

Xiphorhynchus A 

Pierpoint, N. 1986. Interspecific aggression 

and the ecology of woodcreepers (Aves: 

Dendrocolaptidae). Dissertation, Princeton 

University, Princeton, NJ, USA. yes 

Pierpoint, N. 1986. Interspecific aggression and the ecology of woodcreepers (Aves: 

Dendrocolaptidae). Dissertation, Princeton University, Princeton, NJ, USA. 
1Lists which sister lineage, A or B, is the dominant lineage 
2Lists whether or not there is documented co-occurrence of sympatric lineages A and B (i.e., both species occurring together at the same site): yes or no   
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Appendix E. Raw image files for the most divergent (maxilla) depth comparison 

between two closely related sympatric species: (a) Lophura nycthemera and (b) 

Lophura edwardsi. Images are set to the same scale.  

a) L. nycthemera (lineage A) (depth = 1.3067 cm)  

 
 

b) L. edwardsi (lineage B) (depth = 1.2358 cm)  
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Appendix F. Raw image files for the most similar (maxilla) side shape comparison 

between two closely related sympatric species: (a) Brotogeris sanctithomae and (b) 

Brotogeris versicolurus. Images are set to the same scale.  

a) B. sanctithomae (lineage A) 

  
 

b) B. versicolurus (lineage B)  
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Appendix G. Raw image files for Brotogeris sanctithomae to exemplify shape features used in food manipulation and foraging strategies: a) 

bottom view of transverse ridges (red box) and trough-like bottom mandible; b) side view of curved edge, sharp end and transverse ridges 

(on maxilla).   

a)  

 

 

 

 

 

    

  

             

            maxilla                         mandible 

 

b)  

 

 

 

 

  


